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ABSTRACT
Huntington’s Disease (HD) is an autosomal dominant neurodegenerative disorder caused by an
expansion in the number of polyglutamine-encoding CAG repeats in the gene that encodes the
huntingtin (htt) protein.  A property of the mutant protein that is intimately involved in the
development of the disease is the propensity of an N-terminal proteolytic htt fragment containing
the glutamine-expanded region to misfold and adopt a conformation which is prone to
aggregation.  Intracellular antibodies (intrabodies) against htt have been shown to reduce htt
aggregation by binding to the htt fragment and inactivating it or preventing its misfolding.
 Intrabodies may therefore be a useful gene therapy approach to treatment of the disease. 
However, high expression levels of previously reported intrabodies have been required to obtain
even limited reductions in htt aggregation.  We have used yeast surface display (YSD) of
antibodies combined with fluorescence activated cell sorting (FACS) to isolate novel single-chain
antibody (scFv) clones against huntingtin from a non-immune human antibody library; these
scFv’s did not inhibit htt aggregation.  Engineering analysis, including the derivation of equations
that describe the probability that cells will form htt aggregates as a function of time and
concentration, were used to estimate the intracellular expression level and binding affinity
required for robust aggregation inhibition.  The pool of antibodies isolated was used as the
starting point for engineering an intrabody with appropriate properties for intracellular activity.
We then applied YSD to affinity mature this scFv pool for binding to the first 17 aa of htt and
analyze the location of the binding site of the intrabody mutant with the highest affinity.
Interestingly, the paratope was mapped exclusively to the variable light chain domain of the scFv.
A single domain antibody was constructed consisting solely of this variable light chain domain,
and was found to retain full binding activity to huntingtin.  Cytoplasmic expression levels of the
single domain were at least five-fold higher than the scFv, enabling mild aggregation inhibition.
However, antibodies expressed in the cytoplasm do not form intradomain disulfide bonds as they
do when secreted from cells.  By mutating the cysteine residues that form the disulfide bond in
the single-domain antibody to hydrophobic amino acids, we found that antibody binding affinity
was drastically reduced in the absence of the disulfide bond.  Effectiveness of the single-domain
intrabody was improved by increasing its affinity in the absence of a disulfide bond.  The
engineered intrabody, VL12.3, eliminated toxicity in a neuronal model of HD.  We also found that
VL12.3 inhibited aggregation and toxicity in a S. cerevisiae model of HD.  VL12.3 is significantly
more efficient than earlier anti-htt intrabodies, and is a potential candidate for gene therapy
treatment for HD.  The approach demonstrated to improve intrabody potency through the use of
highly expressed single-domain antibody fragments and disulfide bond-independent binding
suggests a generally applicable approach to the development of effective intrabodies against other
intracellular targets.
Thesis Supervisors: K. Dane Wittrup, J.R. Mares Professor of Chemical Engineering and
Bioengineering, and
Vernon M. Ingram, John and Dorothy Wilson Professor of Biology
3This work is dedicated to my daughters, Nora and Audrey, and to those in my family who
have lived with HD: Carrie, Ramsay, and Grandpa (Bill).  Together, you have provided
me with the motivation for this undertaking.
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20aa-biotin, biotinylated peptide consisting of the first 20 amino acids of huntingtin
C(subscript htt), concentration of properly folded htt
C(subscript htt*), concentration of misfolded htt
CDR, complementarity determining region
CMV, cytomegalovirus
ex1, exon 1
FACS, fluorescence activated cell sorting
FRET, fluorescence resonance energy transfer
GFP, green fluorescent protein
GST, glutathione-S-transferase
HD, Huntington's Disease
htt, huntingtin protein
httex1-Qn, the first exon of huntingtin containing n contiguous glutamines
k(subscript dimerization), rate constant for conversion of a misfolded htt monomer into a dimer
K(subscript m), equilibrium constant between misfolded and properly folded mutant huntingtin
k(subscript misfolding), rate constant for conversion of properly folded htt to misfolded conformation
k(subscript refolding), rate constant for conversion of misfolded htt to properly folded conformation
Kd, dissociation constant
lambda, characteristic rate in poission distribution
P(subscript dimerization), probability that a misfolded htt monomer will form a dimer
P, probability that an aggregate has not formed
PBS/BSA, Phosphate buffered saline with 0.1% bovine serum albumin
PE, phycoerythrin
r(subscript dimerization), rate of htt dimerization
r(subscript misfolding), rate of htt misfolding
r(subscript refolding), rate of htt refolding
scFv, single-chain fragment variable
V(subscript cell), volume of cell
YFP, yellow fluorescent protein
YSD, yeast surface display
9Chapter 1. Introduction
Huntington’s Disease
Huntington’s disease (HD) is a neurodegenerative disorder affecting 30,000 people in the
United States, with an estimated 60,000 more at risk of developing the disease.
Clinically, HD has both psychological (e.g. dementia) and physical components, with
uncontrollable dance-like movements (chorea) being a hallmark of the disease.
Individuals who have the disease begin showing symptoms on average in their mid 30s;
these symptoms worsen progressively, resulting in death approximately 15 years after
onset.  Currently, there is no treatment to stop the underlying degenerative process in HD.
HD is a genetic disorder, passed on in an autosomal dominant fashion (if either
parent is affected, each child has a 50% chance of acquiring the disease).  The genetic
mutation responsible for the disease was first identified in 1993 as an expansion in the
number of CAG repeats in exon 1 of a gene encoding a protein called huntingtin (htt)1.
CAG encodes for glutamine (Q), so the resulting protein contains a polyglutamine stretch
(polyQ).  In normal individuals, the gene contains a stretch of less than 35 contiguous
CAG codons (the number varies between alleles and individuals), whereas in individuals
with HD the gene contains a stretch of 35 or more CAG repeats.  Longer polyQ stretches
result in an earlier age of onset, while polyQ stretches just over 35 long result in a later
age of onset (see figure 1.1).
In HD, a proteolytic fragment of the huntingtin protein misfolds and forms
aggregates, which are likely rich in beta sheet content.2  The formation of nuclear
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inclusions, containing the N-terminal proteolytic fragment of htt as well as other proteins,
is observed in the medium spiny neurons of the striatum in patients with HD.3  The
proteins which co-aggregate with the mutant htt include wt htt.4; 5  There are several
hypotheses as to the molecular structure of the aggregates.  Aggregates formed of
polyglutamine may have a beta-sheet structure consisting of an anti-parallel
arrangement;6 it has also been suggested that the beta-sheet structure may arise from a
parallel arrangement of the polypeptide strands, resulting in the formation of nanotubes
(see figure 1.2).7  The beta-sheet structure is thought to form amyloid-like fibrils, which
have been observed in vitro.8  It has been hypothesized that the formation of these
aggregates, accompanied by depletion of key transcription factors which co-aggregate
with htt, lead to neuronal dysfunction.9  It has also been shown that these aggregates tie
up the protein degradation system.10
Mechanism of huntingtin aggregation
The underlying molecular mechanism that leads to aggregation is not well
understood.  The generation of the proteolytic fragment is assumed to occur before
aggregation, although no evidence exists for this assumption.  The aggregation process
(wether involving full-length htt or just httx1) likely proceeds via a two-step process,
nucleation and aggregate growth.  The presence of the nucleation step is confirmed by the
occurrence of a lag phase in in vitro kinetic studies of the aggregation of an N-terminal
htt fragment.11  Since the duration of the lag phase is dependent on the length of the
polyglutamine stretch, it has been suggested that this accounts for the inverse relationship
observed between polyglutamine length and age of onset.12  Under this hypothesis,
11
nucleation is the rate-limiting step and aggregate growth occurs quickly afterwards,
leading to cell death.
It is also important to consider that the model systems used in this work and by
others in the field are significantly different from the human disease with respect to the
time scale involved for aggregation and toxicity.  Laboratory models exhibit aggregation
and toxicity in days (cellular models) to a few years at most (animal models).  In the
human case, dysfunction is most often not observed until 35 or more years of age.  The
reason for the difference is that the model systems have been modified to have very long
polyQ repeats, or very high httx1 concentrations, to accelerate the time scale required for
experimentation.  The fact that most model systems use a truncated htt fragment
consisting of the first exon only may also accelerate the aggregation process.
Intracellular antibodies
Intracellularly expressed antibodies, or intrabodies, are powerful tools for
studying cell biology13; 14 and hold promise as potential therapeutics to be delivered via
gene therapy.15 The DNA encoding the antibody sequence must be introduced into the
cell in order for expression of the protein.  Antibodies against htt have been shown to
partially ameliorate the protein’s aggregation.  This has been shown in a cell-free
aggregation assay using a monoclonal anti-polyglutamine antibody16, in cellular HD
models using a single-chain Fv intrabody,14; 17 and in an organotypic slice culture model
of the disease.18 However, high intrabody expression levels have been required to obtain
moderate reductions in aggregation and toxicity.  This has proven to be a barrier to the
development of a treatment for HD with intracellular antibodies via gene therapy, given
the limited ability of viral vectors to deliver genes to the CNS.
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Although intracellular targets abound, only a small handful of functional
intracellular antibodies have been reported to date, potentially due to the difficulties in
isolating antibody fragments that are expressed well and are functional in cytoplasm.
One approach that has been employed in the isolation of intrabodies is the selection of
single-chain antibodies (scFvs) from phage display libraries followed by screening large
numbers of clones for expression in E. coli or function in mammalian cells.17; 19; 20 The
yeast two-hybrid system has also been used to isolate intracellular antibodies.21; 22  A key
problem arises from the conditions under which antibodies against intracellular targets
are isolated and engineered.  With the exception of the yeast two-hybrid approach to
intrabody isolation23, antibodies are isolated and engineered under oxidizing conditions
by yeast or phage display 19; 20; 24, where stabilizing disulfide bonds form; however,
disulfide bonds do not form as readily in the reducing environment of the cytoplasm,
where intrabodies are intended to function.  Although the yeast two-hybrid approach does
result in intrabodies with some function, this system is not well suited for isolating
variants with incremental improvement in functional capability.  One of the significant
contributions of this work is the development of an approach which allows one to
optimize intracellular antibodies for improved function, using yeast surface display
(described in the next section).
In most previous work, intrabodies have consisted of single chain antibodies,
which contain both the heavy and light chain variable domains connected by a flexible
linker; several effective intrabodies have been developed in this format (for example17; 19;
21; 22).  Intrabodies consisting of single domains may also be able to specifically recognize
antigens without the need for interdomain interactions25;26; 27.  Recent studies suggest that
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single heavy chain variable domains alone may be useful as intrabodies, with improved
intracellular expression.28; 29  In this work, we show that an isolated variable light chain
domain antibody can be engineered as a functional intrabody.
One potentially significant application of intracellular antibodies is in the
treatment of autosomal dominant genetic disorders, such as HD, by gene therapy.
Currently, gene therapy is limited to the delivery of new genes to induce an immune
response or cell death, as is the case in cancer treatment, or to complement the host's
genetic makeup, which is useful in the treatment of recessive genetic disorders 30.
However, autosomal dominant disorders arise from "gain of function" genetic mutations.
To treat these diseases by gene therapy, it is necessary to identify appropriate therapeutic
genes and their corresponding proteins that should be delivered to the affected cells.
Intracellular antibodies have the ability to bind to mutant proteins and inactivate their
abnormal gained function, and therefore are well suited for the treatment of such
disorders.
Yeast Surface Display
Yeast surface display (YSD, 31) is a technique for isolation of novel antibodies 32,
improving protein function 33; 34; 35; 36, and analysis of protein properties 24; 37; 38; 39.  In this
system, the gene for a protein of interest is fused to the gene for the yeast mating protein
(Aga2p) and to epitope tags, such as c-myc, for detection (see figure 1.3).  When
transformed into an appropriate yeast strain, the protein is displayed on the yeast cell
wall, where it is accessible to antigens or other interaction partners and
immunofluorescent reagents in solution.  In this way, the properties of individual proteins
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may be analyzed by flow cytometry, or libraries of expressed proteins may be sorted to
isolate clones with desired properties by fluorescence activated cell sorting (FACS).
YSD has been successfully applied to several facets of antibody engineering
including improvement of antibody binding affinity resulting in the highest affinity
antibody reported to date.36  It has also been applied to antibody stability optimization.40
One advantage to engineering protein affinity by YSD is that yeast cells can be sorted by
Fluorescence Activated Cell Sorting (FACS), allowing quantitative discrimination
between mutants.41  Traditional panning methods have also been used with YSD,
including magnetic particle separation.42  Since first described by Boder and Wittrup,31
YSD has been employed successfully in engineering a number of antibodies,36; 43 as well
as T-cell receptors,44; 45; 46 and cytokines.35
In YSD, protein properties such as stability and affinity, can be quantitatively
measured using fluorescently labeled reagents and flow cytometry.  Equilibrium binding
constants and dissociation rate constants measured for yeast-displayed proteins are in
quantitative agreement with those measured for the same proteins in vitro by surface
plasmon reasonance (BIAcore) or antibody immobilization.
Thesis Outline
The objective of my thesis work was to isolate and engineer antibodies that could
efficiently inhibit mutant httx1 aggregation in an intracellular context.  We accomplished
this by making extensive use of the yeast surface display system.  First, we isolated
antibodies against exon1 of htt from a yeast surface display library of human single-chain
antibodies.32  However, these antibodies were ineffective at blocking htt aggregation
(Chapter 2).  We then analyzed the intrabody-htt system to determine why the intrabodies
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were ineffective.  This included the development of mathematical models to assist in the
analysis (Chapter 3).  Having determined that antibody binding affinity, intracellular
expression, and dependence of binding affinity on the presence of disulfide bonds were
critical to the function of intrabodies, we set out to engineer the isolated antibodies for
function.  First, we improved the binding affinity of one of the antibodies by ~4 orders of
magnitude (Chapter 4).  We then discovered that the light chain variable domain alone
retained binding affinity and had improved intracellular expression (Chapter 5).  Finally,
we mutated the cysteines that form the disulfide bond to hydrophobic residues, only to
discover that the binding affinity was drastically lowered as a result.  We corrected this
by improving the binding affinity of the mutant that lacked a disulfide bond.  The
resulting intrabody, which we named VL12.3, strongly inhibited htt aggregation, and was
at least 10-fold more efficient at doing so than previously reported intrabodies against htt
(Chapter 6).  Most of the work in this thesis is contained in three publications,33; 47; 48
although some unpublished results and results to be published later are also included.
16
Figure 1.1.
Correlation between length of CAG/PolyQ repeat in htt exon1 and age of onset for HD
(data from “A Physician’s Guide to the Management of Huntington’s Disease, 2nd ed).
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Figure 1.2.
Hypothesized structures of polyglutamine beta-sheet structure.  Left, anti-parrallel beta-
sheets (from Perutz, 19946).   Original legend read “computer-generated structure of two
paired antiparallel beta-strands of ply(L-glutamine) linked together by hydrogen bonds
between the main-chain and side-chain amides.”  Right, parallel beta-sheets resulting in
nanotubes (from Perutz, 20027).  Original legends read “Diagrammatic projection of a
helical fiber with 20 residues per turn on a plane normal to the fiber axis,” and
“Computer-generated model of a poly-L-glutamine helix with 20 residues per turn (stereo
pair). The main chain is black and the side chains are red.  Hydrogen bonds are broken
lines. The main chain conformational angles of this model are all in or near allowed
regions of the Ramachandran plot.”
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Figure 1.3.
Yeast surface display schematic and map of a sample plasmid used for YSD. A. An scFv
is expressed as a fusion to the Aga2 mating protein.  C-myc and HA epitope tags are
present to quantify expression by immunofluorescence.  B .  Plasmid map of pCTCON,
CON cd20 is expressed from the plasmid as a fusion to the yeast mating protein Aga2.
C. Detail of pCTCON.
     Gal1-10         Aga2        HA  (G4S)3    cd20     c-myc  Mfalpha1
NheI         BamHI
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Chapter 2.  Isolation and characterization of antibodies
from a diverse yeast surface display library
Introduction
The antibodies discussed in this thesis were isolated from a non-immune yeast surface
display library described in detail elsewhere.32  The term “non-immune” simply means
that the people who donated the genetic material for synthesis of the library were not
directly immunized with the antigens that the library is screened against.  My role in the
creation of the library was limited to assisting in the many yeast transformations required,
and in protocol development.  Therefore, I will only describe the background of the
library briefly in this thesis.  Human mRNA from spleen and lymph node tissues was
purchased from a commercial source.  Antibody variable domain genes were amplifying
by PCR to isolate variable heavy (VH) and variable light (VL) gene fragments.  These
fragments were ligated together randomly in a yeast surface display vector to make
scFv’s connected by a Gly4Ser linker.  The resulting plasmid library was transformed into
the yeast strain EBY100 to make a yeast surface display library with a diversity (i.e.
number of unique members) of approximately 109.
In this chapter, isolation of antibodies against htt from this library is discussed, as
well as their characterization, in terms of sequence analysis and performance in
intracellular htt aggregation assays in yeast.  Intracellular htt aggregation assays included
use of fluorescence microscopy and a new, HD FRET (fluorescence resonance energy
transfer) assay.
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In order to rapidly assess the impact of intrabodies on htt aggregation, a yeast
FRET HD model was constructed.  In FRET, energy is transferred from one fluorophore
to a second fluorophore whose excitation spectrum overlaps the emission spectrum of the
first (see figure 2.1).  However, energy transfer can only occur when the two
fluorophores are in very close proximity, as may occur during protein aggregation.
We fused httex1 fragments to CFP and YFP, which form a fret pair.  Fluorescence
spectroscopy was used to measure FRET by exciting CFP and observing the emission
spectrum across the range of CFP and YFP emission.
For the yeast HD FRET model, the seven constructs shown in figure 2.2 were
assembled.  The first two constructs, containing htt-x1 Q97 fused to CFP or YFP, would
be co-transformed into yeast (on different selectional markers) as an HD positive model.
The next two constructs, containing htt-x1 Q25 fused to CFP or YFP, would be co-
transformed into yeast as an HD negative control.  FRET control plasmids were also
assembled to determine the extent to which FRET occurred in the HD model.   The FRET
negative control consists of CFP and YFP co-transformed into yeast.  Since GFP variants
do not interact, no FRET signal should be obtained.  As a positive control, a plasmid
containing CFP fused directly to YFP was assembled.
Materials and Methods
Production of GST-GFP, GST-httx1-Q67-GFP, and GST-httx1-Q67
Genes encoding GFP, httx1Q67-GFP, or httx1Q67 were subcloned into pGEX4T
(Amersham) by a postdoctoral fellow (Peter Thumfort); pGEX4T encodes GST followed
by a thrombin cleavage site on an IPTG-inducible promoter.  These constructs were
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transfected into BL21 (DE3) E.coli, which were then used to inoculate 2XYT with
glucose and ampicillin.  Overnight cultures were diluted 1:100 and grown to an OD600 of
0.6-0.8 at 37 oC, followed by induction with 0.2 mM IPTG for 3 hours at 20 oC.  Cells
were collected, lysed by sonication, and centrifuged to remove cell debris and aggregated
protein.  The supernatant was purified using a GSH affinity column (Amersham
Pharmacia).  GST-httx1-Q67-GFP, which had a C-terminal his tag, was further purified
using a nickel affinity column.  Purity was measured by SDS-PAGE (typically proteins
were at least 75% pure), and the BCA kit (Pierce) was used to measure concentration.
The protein was produced and purified by myself, Peter Thumfort, or Tina Holden (a lab
technician).
Labeling and analysis of yeast surface display libraries and clones
Libraries and clones were labeled according to published protocols.49  In brief, 0.2
OD600-ml (approximately 2 million cells) of yeast were collected following overnight
induction of intrabody expression with galactose, rinsed in PBS/BSA, resuspended in 500
µl PBS/BSA with antigen (either biotinylated peptide or GST fusion protein) at
appropriate concentration and mouse monoclonal anti-c-myc antibody (9E10, Covance)
at 1:100 dilution.  Following an incubation step of 30 minutes or longer at 37 oC, cells
were rinsed with PBS/BSA and resuspended in PBS/BSA with either anti-GST
polyclonal-PE conjugate (Prozyme) or Streptavidin-PE (Molecular Probes) and goat anti-
mouse FITC conjugate (Sigma), at a 1:50 dilution.  After an additional 30 minute
incubation, cells were rinsed and analyzed on an Coulter Epics XL flow cytometer , or
taken to the MIT Flow Cytometry Core Facility for FACS.
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Library screening
The library was sorted using a MoFlo FACS machine at the MIT Flow Cytometry
Core Facility.  5 x 108 cells were labeled as described above with GST-httx1Q67-GFP and
the most brightly PE labeled (top 0.1%) were collected.  Collected cells were amplified
by growth, induced and sorted two more times, at which time a bright, double labeled
population was obtained.  This population was depleted of antibodies against GST-GFP
by labeling with this reagent followed by sorting cells which expressed c-myc tagged
antibodies but did not bind GST-GFP.
Sequencing and sequence analysis
Plasmids were recovered from yeast using a Zymoprep kit (Zymo Research), and
sequenced by the MIT Biopolymers Laboratory.  Sequences were analyzed using the
Biology Workbench (http://workbench.sdsc.edu) and NIH's IgBlast
(http://www.ncbi.nlm.nih.gov/igblast/).
Intracellular expression of antibodies in yeast
ScFv genes were subcloned into p416 (ATCC), a galactose-inducible yeast shuttle
plasmid, using PCR primers that included a start codon to initiate protein synthesis.  The
resulting plasmids were used for expression in both the strains for microscopy and FRET
analysis.  Control intrabodies were picked at random from the non-immune library.
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Microscopy and aggregate quantification
Yeast co-expressing the intrabodies and httex1Q103-GFP were grown to mid-log
phase before induction in galactose containing media.  Cells were analyzed 18-hours
post-induction for the presence of aggregates.  The samples were examined with a Nikon
TE200 inverted microscope equipped with an excitation source and appropriate filter sets
for imaging GFP (FITC filter sets were used) as well as a DeltaVision 12-bit CCD
camera.  A 10x objective is used in order to get a large population of cells (approximately
100) in a single image.  All images contained approximately the same number of cells,
being completely saturated with cells covering the entire field of view.  At least three
separate fields of view are captured for each sample.
Image analysis is performed using a software package called SoftWorx, which is
supplied with the DeltaVision system.  Diffuse, non-aggregated material has a much
lower fluorescence intensity per pixel than the dense, punctate aggregates.  Pixel values
for aggregates are up to ten times as high as those for soluble material, sometimes more.
Therefore, a threshold is applied to differentiate between soluble and aggregated protein.
Images of cells expressing the control fusion protein (htt-25Q-EGFP), are used in order to
identify an appropriate, non arbitrary threshold.  The threshold chosen is a value 10%
higher than the highest pixel value observed for the control cells.  The expression levels
of the fusion protein in the control cell line are identical to those observed in the HD cell
line, as shown by flow cytometry (see figure 2.3).  Once a threshold is chosen, the
software identifies contiguous regions above the threshold as objects, and determines the
total fluorescence for each.  This information may then be saved as a list of values that
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can be opened in Microsoft Excel.  Total fluorescence of aggregates observed was used
as a measure of aggregation.
Yeast FRET System
Plasmids were constructed containing httex1 fragments fused to cyan fluorescent
protein (CFP) or yellow fluorescent protein (YFP).  The parent vectors used were p414
(for YFP fusions) and p415 (for CFP fusions); both parent vectors were purchased from
ATCC.  Htt-x1-Q97 and htt-x1-Q25 were obtained from the Lindquist lab in the form of
GFP fusions on the plasmid p416.  Plasmids containing CFP, YFP, and CFP-YFP were
obtained from the Yeast Resource Center at the University of Washington.  CFP, YFP,
and CFP-YFP were amplified by PCR with primers containing a 5’ BamHI site and a 3’
XhoI site.  Htt-x1-Q97 and htt-x1-Q25 were excised using 5’ EcoRI and 3’ BamHI.  Both
PCR products and digestion products were gel purified.  Htt and the GFP variants were
fused via the BamHI sites present on each.  The resulting ligation product was amplified
by PCR using primers with both 5’ and 3’ XhoI sites.  The products were gel purified,
digested with XhoI, and ligated into p414 (a yeast shuttle vector with a tryptophan
selection marker) for the YFP variants and p415 (leucine selection) for the CFP variants.
CFP, YFP, and CFP-YFP were ligated directly into the appropriate plasmid.  Each
plasmid was sequenced over the area of interest and found to be free of mutations.
Plasmids were transformed into BJ5464-alpha using the EZ yeast kit by Zymo
research to make the following strains: FRET- (pCFP and pYFP), FRET+ (pFRET+),
HD- (pC25 and pY25), HD+ (pC97 and pY97).  These strains were grown overnight and
then induced in galactose containing medium for approximately 18 hours.  Cells were
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rinsed in PBS/BSA, and diluted to a concentration of ~107 cells/ml in PBS/BSA.  The
fluorescence spectra of the cells were then collected using a Varian fluorescence
spectrophotometer.   Excitation was set to 430 +/- 5 nm, and emission was observed from
450 to 550 nm.
Results
Isolation of a panel of single-chain antibodies against multivalent glutathione-S-
transferase huntingtin exon 1 fusion protein
Single chain antibodies against exon 1 of huntingtin were isolated from a yeast-
displayed non-immune human scFv library by Fluorescence Activated Cell Sorting
(FACS).32  Due to the difficulty in isolating scFvs against self-antigens and the
aggregation-prone nature of huntingtin exon 1 (httex1) fragments with pathological-
length polyglutamine tracts (here we use 67 glutamines, httex1-Q67), a multivalent
glutathione-s-transferase (GST) fusion protein with improved solubility was used as the
antigen, GST-httex1-Q67-GFP.  GST is a dimer in its native state.  Therefore, fusion
proteins containing GST present multivalent epitopes and consequently allow isolation of
weak initial binders by avidity-increased affinity.  Screening was performed using 800
nM antigen, while screening attempts at lower antigen concentrations were unsuccessful,
demonstrating the benefit of screening against the multivalent antigen.
The antibody panel isolated against GST-httex1-Q67GFP contained antibodies
against epitopes in GST and GFP, which were depleted from the pool by labeling with a
GST-GFP fusion protein and further FACS sorting.  The panel of yeast surface-displayed
scFvs resulting from several rounds of enrichment against GST-httex1Q67-GFP and
26
depletion against GST-GFP was labeled for analysis with each of the two proteins
(Figure 2.4).  Strong preference for the protein containing httex1 is observed, indicating
that the great majority of isolated antibodies are specific for this fragment rather than
GST or GFP.
Ten clones from the panel of antibodies specific for exon 1 of huntingtin were
sequenced, and eight clones were unique.  The germline usage and complementarity
determining regions (CDRs) are shown in Table 2.1.  Interestingly, all eight clones had a
highly conserved light chain CDR3, pointing to its dominance in the httex1-binding
paratope.  The remaining non-CDR3 regions of the light chain sequences were all derived
from the lambda 1 germline family.  In contrast, the heavy chains in these clones were
diverse members of the VH6 or VH1 families, implying flexibility in heavy chain usage
compared to light chain usage.
The eight isolated scFvs were subcloned into a yeast cytoplasmic expression
vector and tested for biological activity in a yeast model of HD and were found to be
completely inactive in preventing aggregation (results from six of the clones are shown in
Figure 2.5), as measured by fluorescence microscopy.
Yeast HD FRET system
We fused httex1 fragments alternately to CFP or YFP, which form a FRET pair,
and studied whether or not polyglutamine-length dependent FRET can be observed in a
yeast model of HD.  pC25 and pY25 were co-transformed to create an HD- strain, while
pC97 and pY97 were co-transformed to create an HD+ strain.  The strains were induced
for expression of the HD transgenes, and the aggregation state of the htt fusion proteins
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was observed by fluorescence microscopy.  The aggregation state was found to be
consistent with published reports with respect to polyglutamine length (see figure 2.6).50
We then used fluorescence spectroscopy to measure FRET emission of cell
suspensions.  First, FRET control strains were used to determine if the energy transfer
would be observable in this system.  The result is shown in figure 2.7.  When excited at
the excitation wavelength of CFR, the FRET- strain had an emission spectrum exhibiting
a strong peak at the emission wavelength of CFP, and very little YFP emission.  Under
the same conditions, the FRET+ strain exhibited a strong YFP emission peak and a
highly attenuated CFP emission peak, demonstrating that energy transfer had occurred
and was detectable.
For the HD- strain, the emission spectrum observed was comparable to the FRET-
strain (see figure 2.7B).  For the HD+ strain, a significant YFP emission peak was
detected, indicating that FRET does occur in a polyglutamine length dependent fashion.
For a short polyQ length (Q25), the protein does not aggregate, and so the fluorophores
are distant enough that FRET does not occur.  For a long polyQ length (Q97), the protein
aggregates, bringing CFP and YFP in close proximity, and resulting in FRET.
We then studied the effect of co-expression of the intrabodies isolated on the
FRET signal observed in the HD+ strain.  Intrabodies isolated at random from the non-
immune library were used as a negative control.  The result is shown in figure 2.7B.
None of the intrabodies isolated significantly decreased the FRET signal observed, when
compared to the control intrabodies.
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Discussion
In this chapter, we described the isolation and characterization of single-chain
antibodies against huntingtin from a yeast surface display.  We were able to isolate a
diverse population of antibodies against the httex1; however, none of these antibodies
were effective inhibitors of htt aggregation in yeast cell models of HD.  We also
described a new assay for monitoring htt aggregation by FRET.
Screening a YSD library with a multivalent antigen enabled isolation of human
scFvs with specificity for a human protein.  Difficulties in obtaining antibodies from non-
immune libraries against self-antigens have been reported elsewhere.51 This technique
may prove useful when screening non-immune libraries against other self-antigens.
Unfortunately, none of the antibodies isolated were effective inhibitors of htt
aggregation.  Although the use of a multivalent antigen enabled isolation of anti-htt
antibodies, the antibodies isolated had low affinity against the multivalent antigen and
almost certainly had extremely low monovalent affinity.  We surmised that this may
contribute to the inability of the intrabodies to inhibit htt aggregation.
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Figure 2.1.
Schematic of htt FRET system.  Left, emission and excitation spectra of CFP and YFP;
note overlap of CFP emission with YFP excitation, which can result in energy transfer
when the two fluorophores are in close proximity to one another.  Right, when htt-CFP
and htt-YFP are in solution, they should not be close enough together to allow energy
transfer; when they are aggregated, energy transfer may occur.
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Plasmid Name Protein Expressed Parent Vector Purpose
PCFP CFP p415 FRET negative
PYFP YFP p414 FRET negative
pFRET+ CFP-YFP (fusion) p414 FRET positive
pC25 httex1Q25-CFP p415 HD negative
pY25 httex1Q25-YFP p414 HD negative
pC97 httex1Q97-CFP p415 HD positive
pY97 httex1Q97-YFP p414 HD positive
Figure 2.2.
Constructs used for yeast HD FRET model.  Bracketed constructs are to be co-expressed.
For HD+ constructs co-expressed in yeast, a fret signal will be observed if CFP and YFP
come into close contact (as in aggregation).  HD- constructs serve as a negative control to
ensure that FRET signal is related to the expanded polyglutamine region, while FRET+
and FRET- controls are used to verify that FRET occurs at all.
Cyc1-termGAL1 prom CFP
Cyc1-termHtt-x1-Q97GAL1 prom YFP
Cyc1-termHtt-x1-Q25GAL1 prom CFP
Cyc1-termGAL1 prom YFP
Cyc1-termHtt-x1-Q97GAL1 prom CFP
Htt-x1-Q25GAL1 prom YFP Cyc1-term
Cyc1-termCFPGAL1 prom YFP
HD+
HD-
FRET-
FRET+
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Figure 2.3.
Fluorescence of yeast cells expressing httex1-GFP with 25 or 97 glutamines.
Fluorescence intensity is not dependent on polyglutamine length.
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Figure 2.4.
Pool of yeast-displayed scFvs are specific for exon 1 of huntingtin, rather than GST or
GFP.  The pool of scFvs isolated from a human antibody YSD library by FACS sorting
against GST-httex1-Q67-GFP, for enrichment, and GST-GFP, for depletion, is shown here
under two labeling conditions.  Top, the pool is labeled with 1 µM GST-httex1-Q67-GFP
and analyzed by flow cytometry.  Bottom, the same pool is labeled with 1 µM GST-GFP.
The abscissa shows the expression level of C-terminally c-myc tagged scFv on the yeast
surface, labeled with mouse 9E10 anti-c-myc monoclonal antibody and FITC-conjugated
goat anti-mouse polyclonal antibody.  On the ordinate is antigen binding, detected by
anti-GST polyclonal antibody conjugated to PE.  A box has been drawn to show the
location of yeast that express scFv and bind httex1Q67, but not GST-GFP.
Antibody Expression
GST-
Httx1Q
67-GFP
GST-
GFP
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Clone Germ-line CDR H1 CDR H2 CDR H3 CDR L1 CDR L2 CDR L3
0.4.1 Vh6-1, V1-11 GDSVSSNTAAWY RTYYSSKWFYD EDD---------YGDYV SGSTSNIGNNAVN YDDLLPS ATWDDSLNGWV
0.4.2 VH1-69, V1-11 GGTISS--CAIS GIIPMFDTTN- TYYHDTSDNDGTYGMDV SGSTSNIGNNAVN YDDLLPS ASWDDNLNGWV
0.4.3 VH6-1, V1-11 GDSVSSNSAARN RTYYRSRWYND DPPYV------LSTFDI SGSTSNIGNNAVN YDDLLPS ATWDDSLNGWV
0.4.4 VH1-18, Vl-16 GGTISS--CAIS GIIPMFDTTN- TYYHDTSDNDGTHGMDV SGSSSNIGSNTVN SDNQRPS ATWDDSLNGWV
0.4.6 VH1-69, V1-11 GGTISS--CAIS GIIPMFDTTN- TYYHDTSDNDGTYGMDV SGSTSNIGNNAVN YDDLLPS ATWDDSLNGWV
0.4.7 VH1-69, V1-11 GGTISS--CAIS GIIPMFDTTN- TYYHDTSDNDGTYGMDV SGSSSNIGSNTVN ADYERPS ATWDDSLNGWV
0.4.9 VH1-69, V1-11 GGTISS--CAIS GIIPMFDTTN- DDVVA-----TLGGFDI SGSSSNIGSNTVN YDALLPS AAWDDSLDGWV
0.4.10 VH1-69, Vl-16 GGTISS--CAIS GIIPMFDTTN- TYYHDTRDNDGTYGMDV SGSSSNIGSNTVN YDDLLAS ASWDDNLNGWV
Table 2.1.
Germline usage and sequences of complementarity determining regions (CDRs) of
antibodies discussed in this work.  Clones were named according to "rounds of mutation,
rounds of FACS sorting, clone number."  Germline sequences shown were determined
using IgBlast (http://www.ncbi.nlm.nih.gov/igblast/).  CDR H1 refers to the first CDR of
the heavy chain, CDR H2 is the second, etc.  Yellow shading appears due only to a
formatting error and is not significant.
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Figure 2.5.
Effect of intrabodies on aggregation of htt in a yeast model of HD, as measured by
fluorescence microscopy.  None of the intrabodies significantly reduced aggregation on
httex1Q97-GFP when co-expressed in yeast cytoplasm.
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Figure 2.6.
Yeast co-transformed with htt-x1-Q25-CFP and htt-x1-Q25-YFP (left) show diffuse
cytoplasmic fluorescence.  CFP appears blue in this false color image, and YFP appears
red.  Right, yeast co-transformed with htt-x1-Q97-CFP and htt-x1-Q97-YFP.  Note
punctate aggregates in HD+ strain.
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Figure 2.7.
Fluorescence spectra of yeast FRET strain cell suspensions.  FRET occurs when two
fluorophores are in close proximity (see figure 2.1).  Cells are excited at 430 +/- 5 nm,
and the emission spectra is collected from 470 to 560 nM.  Top, FRET- strain exhibits
CFP emission only; FRET+ shows attenuated CFP emission and strong YFP emission,
indicating FRET.  Bottom, HD- strain exhibits no significant YFP emission, in contrast to
HD+ strain.  The polyglutamine-length dependent FRET signal is likely due to
aggregation of the htt-CFP and htt-YFP protein.  Expression of intrabodies, both
randomly selected and those isolated against httex1, slightly reduce the FRET signal, but
this reduction is not dependent on specificity for httex1, indicating no effect on htt
aggregation.
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Chapter 3.  Engineering analysis of intracellular
huntingtin aggregation and its inhibition by intracellular
antibodies
Given the inability of the isolated intracellular antibodies to inhibit the aggregation of
htt with an expanded polyglutamine tract, we began a detailed analysis of the possible
causes of failure.   The GST fusion protein that we had used to screen the antibody library
formed an oligomer consisting of 4-8 GST-httx1Q67-GFP monomers; this protein then
offered redundant epitopes (i.e. it was multivalent), which can enhance apparent binding
affinity by acting cooperatively.  Since the clones had binding activity only at high
concentrations of multivalent httex1 protein (figure 2.4), we surmised that the affinity
against a monovalent target would be much lower and likely insufficient for biological
activity.  Furthermore, western blotting of the intracellular scFv intrabodies revealed very
poor cytoplasmic expression (figure 3.1), which would also be a dominant cause of their
inactivity.52; 53; 54  Finally, the dependence of binding properties on the presence of a
disulfide bond was also a possible shortcoming of the antibodies isolated.  These
qualitative problems could all be addressed through protein engineering.  However,
protein engineering is labor intensive and it would be beneficial to have a more
quantitative understanding of the system to guide the protein engineering process.  We
therefore developed a mathematical description of the htt-intrabody system.
In the first section of this chapter, we derive the equation which connects the
molecular mechanism of mutant htt misfolding to the stochastic nature of the aggregation
process.  With the assistance of an undergraduate (John Cassady) to help generate data,
we then validate the equation experimentally.  Finally, we couple this equation with the
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law of mass action, which describes intrabody-htt interactions, in order to evaluate the
effect of antibody binding and expression properties on htt aggregation.
Derivation of a mathematical model describing the probability that a
cell will form an htt aggregate
It has been shown that neurodegeneration in HD is described by neuronal loss in
which the probability of cell death remains constant with time.55; 56  However, the
connection between the kinetics of cell death and the molecular mechanism underlying
the disease remains murky.  Perutz hypothesized that nucleation of aggregates was the
most likely explanation for the infrequent but steady occurrence of neuronal death, which
results in adult onset of the disease.12  Under this hypothesis, formation of a
thermodynamically stable nucleus, containing several htt molecules with expanded polyQ
repeats, leads to cell death or dysfunction.  However, recent evidence suggests that
polyglutamine peptides undergo a single-molecule conformational change.57  In this
scheme, properly folded htt is in equilibrium with its misfolded counterpart, and the
formation of a stable dimer is the rate limiting, irreversible step in aggregate formation
(see figure 3.2).  We used this mechanistic model to derive a stochastic mathematical
model describing the dependence of the probability of intracellular aggregate formation
on time and on concentration of the htt protein (case 1).  We then consider the case where
the misfolding event is the rate-limiting step in aggregation (case 2), and develop the
general equation that doesn’t rely on assumptions about which step is rate-limiting (case
3).
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Case 1: Misfolded htt in equilibrium with properly folded form; dimer formation
the rate-limiting step in aggregation process.
Wetzel assumed that the misfolded htt protein would be in rapid equilibrium with its
properly folded counterpart.  Applying this assumption, and introducing
Km = kmisfolding/krefolding = Chtt*/Chtt Eqn 3.1
the concentration of the misfolded htt is given by
 Chtt*  = KmChtt  Eqn 3.2
The rate of dimer formation is
rdimerization = kdimerizationChtt*ChttVcell = KmkdimerizationC2httVcell Eqn 3.3
In a cellular context, where the concentrations of most proteins are low, and where
the total volume is small, there are only a discrete number of copies (perhaps a few
thousand) of htt.  Therefore, we cannot simply use the bulk rate of dimer formation,
which applies to volumes which are sufficiently large to be treated as homogeneous, but
have to use probability theory.  The probability that a dimer will have formed by some
time, t, is described by a Poisson distribution with characteristic parameter, λ equal to the
rate above.  The Poisson distribution can be used to determine the number of times an
event is likely to occur, assuming the events are independent.  However, in this system,
the formation of an aggregate will change the soluble concentration of the protein,
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decreasing the probability of a second occurrence.  Further, it is experimentally difficult
to determine the number of nucleation events which have occurred because cells can
package multiple aggregates into a single inclusion body, and because htt fibers could
break, giving the appearance of multiple aggregates from a single nucleation event.
Therefore, we will focus on the probability that a nucleation event has not occurred, since
this allows us to avoid complications involving independence and the experimental
complications mentioned above.  In a Poisson distribution, the probability that an
occurrence happens exactly zero times is given by:
Eqn 3.4
Substituting Eqn 3.3 into Eqn 3.4:
Eqn. 3.5
Thus, the mechanistic model of Wetzel suggests that the number of cells without
aggregates will exponentially decline with time in a manner that is dependent on the
concentration of htt squared.  This agrees with Wetzel’s mechanism, in which formation
of a dimer is the rate-limiting step in the aggregation process, giving second order
reaction kinetics.
P = e− λt
P = e−Km kdimerizationChtt
2 Vcell t
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Case 2: Misfolding htt the rate limiting step in aggregate formation
If instead of the misfolded htt being in equilibrium with the properly folded form, the
misfolding of htt is the rate-limiting step in aggregate formation, then the rate would be
given by
Eqn 3.6
Substituting this rate into Eqn 3.4, we get
Eqn 3.7
If misfolding of htt is the rate-limiting step, then the number of neurons without
aggregates would be expected to exponentially decline with a first order dependence on
htt concentration.
Case 3: General derivation without assuming a rate limiting step
The rate at which polyglutamine peptides misfold is given by Eqn 3.6.  Once
misfolded, the peptide may either bind to a second polyglutamine peptide in the cell,
forming a nucleus consisting of a dimer, or refold to the native state.  The probability that
a dimer will form after misfolding of a monomer would then given by the rate of
dimerization divided by the combined rate of dimerization and refolding:
Eqn 3.8
rmisfolding = kmisfoldingChttVcell
P = e− kmisfoldingChttVcell t
Pdimerization =
rdimerization
rdimerization + rrefolding
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Substituting in the relevant rates,
Eqn 3.9
The initial rate of dimer formation may then be approximated by the rate of
misfolding multiplied by the probability that a misfolded monomer forms a dimer.  From
Eqn. 3.6 and 3.9, after simplification:
Eqn 3.10
Once again, we substitute this rate into Eqn 3.4, arriving at
Eqn 3.11
Equation 3.11 gives the probability that a cell will not have formed an aggregate,
assuming that the formation of a dimer is essentially an irreversible step leading to the
formation of an aggregate, but without stipulating which step is rate limiting.
Wetzel assumed that the misfolded htt protein would be in rapid equilibrium with its
properly folded counterpart, implying that krefolding >> kdimerizationChtt.  Applying this
assumption, and introducing Km = kmisfolding/krefolding, Eqn 3.11 reduces to:
Eqn. 3.5
rdimerization =
kmisfoldingkdimerizationChtt
2 Vcell
kdimerizationChtt + krefolding
P = e
−
kmisfolding k dimerizationChtt
2 Vcell t
k dimerizationChtt + k refolding
P = e−Km kdimerizationChtt
2 Vcell t
Pdimerization =
kdimerizationChttChtt*Vcell
kdimerizationChttChtt*Vcell + krefoldingChtt*Vcell
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Alternately, if the rate of dimerization is fast relative to the rate of refolding, then
kdimerizationChtt >> krefolding, and Eqn 3.11 reduces to:
Eqn 3.7
Underlying assumptions involving the cellular context of aggregation
It is useful to study reaction kinetics in the cellular context where the reaction occurs;
however, there are many potentially complicating processes occurring in the cell.  We
have neglected to directly account for chaperone binding and the unfolded protein
response (UPR).  Chaperone binding and the UPR may affect the values of kmisfolding,
krefolding, and other parameters in the model derived.  The UPR could result in clearance of
aggregates; in this case the observed fraction of cells without aggregates would be the
result of a dynamic balance between aggregate formation and clearance.  We assume that
the concentration of htt is constant, or close to constant, over the time period considered;
currently the validity of this assumption is unknown.  In vivo, the expression level may
vary in response to cellular events.  In the experimental system described below, the
concentration may vary ~2-fold over the time periods considered.  The model also does
not account for cell growth or division.
P = e− kmisfoldingChttVcell t
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Experimental validation of the model
[The raw data that this section is based on was generated by an undergraduate under my
supervision, John Cassady]
To test the accuracy of the model derived, and try to determine which of the three
equations derived was most relevent, we studied the kinetics of aggregate formation in
transiently transfected ST14A cells.58  Cells were transfected with httex1Qn-GFP, with n
varying between 25, 47, or 72 glutamines.  Twenty-four hours post-transfection, FACS
was used to separate cells based on GFP intensity, which is proportional to httex1Qn-
GFP concentration, assuming cells are roughly the same volume (this assumption may
result in error up to 25% variation in the concentration of cells isolated; however, the
cells within each population collected by FACS exhibit the same amount of variation, so
the relative mean concentration should not be significantly affected by this assumption).
The percentage of cells with aggregates within each cell population was then determined
by fluorescence microscopy, and monitored periodically thereafter.
To eliminate the cells which had already formed aggregates at the time of FACS
sorting from further analysis, the data were normalized to the fraction of cells without
aggregates after FACS sorting (i.e. the measured value at each data point was divided by
the initial value).  The exponential time dependence of the aggregation process was
confirmed by taking the natural log of the value obtained for the fraction of cells without
aggregates, and plotting ln(fraction of cells without aggregates) versus time (an example
of this data is shown figure 3.3).  The linear least squares fit was good (R2>0.85) for most
of the data obtained over the first 24 hours.  The slopes of these lines were taken as the
rate of aggregation, and plotted versus concentration to determine concentration
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dependence of intracellular aggregation.  The results from several independent
experiments for the various polyQ lengths are shown in figures 3.4, 3.5, and 3.6.
Regression analysis of the data in figures 3.5 and 3.6 indicates that the fraction of
cells that do not contain aggregates will exponentially decline with first-order httex1
concentration dependence.  This implies that the conformational change of a single htt
molecule is the rate-limiting step in aggregate formation, and that once the
conformational change has occurred, the molecule is much more likely to continue down
the aggregation pathway than to revert to the properly folded form.
The first order concentration dependence of aggregate formation is most
consistent with the relatively small decreases observed in the age of onset for HD
homozygotes.59  Individuals who are homozygous for the HD gene should produce twice
as much of the mutant htt as HD heterozygotes.  If the rate-limiting step in the formation
of toxic htt aggregates or aggregation intermediates were the formation of a dimer
(second order kinetics), then the neurons of homozygotes would be four times (2 squared)
as likely to degenerate as their heterozygous counterparts.  First order reaction kinetics
for the rate-limiting step would result in the number of degenerated neurons reaching a
critical point (assumed to correspond to an age of onset) in half the time.  The age of
onset for homozygous is approximately 20-25% earlier than for heterozygous.59
Although homozygotes do not have an age of onset that is half that of heterozygotes, the
first order kinetics are more consistent with the decrease seen than second order kinetics.
The discrepancy may be explained by the small size of the data set referenced (N=12
homozygotes), the large variation noted in age of onset, the influence of non-repeat
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length genetic and environmental factors, or even differences in plasticity as the brain
finishes development and ages.
Estimation of aggregation inhibition by intracellular antibodies
To evaluate the effect of co-expressing intracellular antibodies on htt aggregation,
eq 3.7 must be coupled with the equilibrium binding expression for antibody-antigen
interactions:
€ 
[Intrabody • Antigen]
[Antigen]
=
[Intrabody]
Kd
Eqn 3.12
where Kd is the equilibrium binding constant for the interaction.  An underlying
assumption is that the antibody and antigen come to equilibrium on a faster timescale
than the timescale required for aggregation.  We assume that an htt molecule that has
been bound by an intrabody is incapable of misfolding, or joining an aggregate, in the
bound state.  Thus, the effect of intrabody binding is to reduce the effective concentration
of htt in equations 3.7:
Eqn 3.7
Rearranging, we see that in this case the time taken to reach a certain degree of
degeneration (a given P) is inversely proportional to the concentration of htt:
Eqn 3.13
t = − ln P
kmisfoldingChtt
P = e− kmisfoldingChttVcell t
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Therefore, a therapeutic antibody which bound approximately half of the htt molecules
within a cell (and thereby prevented toxicity resulting from the aggregation process)
would double the time for the disease to progress to a certain stage, assuming that the
individual received the treatment from birth and that it could be effectively delivered to
all cells within the affected neuronal populations (see figure 3.7).  This would
theoretically push the age of onset back from an average of about 35 years to around 70.
However, the most likely scenario for use of gene therapy in this disease in the
foreseeable future would be to begin treatment after the disease has already presented
itself.  In this case, the proposed therapy would need to robustly halt the degeneration and
therefore bind 90% or greater of all htt molecules within the cells.
What levels of expression and binding affinity would be required to accomplish
90% or greater of htt molecules bound?  In order to answer this we need to know the
concentration of htt in human brains, which has not been experimentally determined to
my knowledge.  However, most proteins are expressed at a level in the nanomolar range,
so assuming a concentration of 1 nM may be a reasonable approximation.  The trade off
between antibody affinity and expression level required for binding 90% of htt molecules
(assuming 1 nM) is shown in figure 3.8.  For low affinity antibodies, in the micromolar
range, expression levels would need to be in the tens of micromolar to effectively bind
the antigen.  However, achieving such high levels of expression is difficult and may not
be possible for some proteins.  Further, such high expression levels increase the
likelihood of nonspecific interactions, which could be toxic, as well as increase the
probability of an autoimmune response against cells which express the intrabody.  In
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order to drive the required level of antibody expression to levels 100 nM or lower, the
binding affinity should be 10 nM or lower.
In the experimental systems used in this work, such as the cell-free htt
aggregation assay and genetically modified cell lines, htt concentrations are much higher
than that which is likely to be present in human brains.  This is so that the aggregation
will occur on a time scale which is amenable to experimentation.  In these systems, htt
concentrations are in the hundreds of nanomolar or greater, and so effects of affinity and
expression level will be somewhat different.  The required antibody expression levels and
affinity to bind 90% of antigen molecules assuming 500 nM htt is also shown in figure
3.x.  At such high target concentrations, there is a stoichiometric effect observed at high
affinities, in which high concentrations are required despite high affinity.
Conclusions of engineering analysis
The analysis presented here has important implications for the antibody
engineering process.  First, the differences between the experimental systems used and
actual human beings are substantial.  In the experimental system even high affinity
antibodies will need to be expressed at high levels to be highly effective at blocking
aggregation.  In people, where target concentrations are lower, expression levels required
are likely to be lower and there is a benefit to developing high affinity antibodies.  In
general, the intrabody should be expressed at concentrations at least equal to that of the
target.  The affinity should be as high as possible to minimize the intrabody expression
level required for quantitative binding, with an affinity in the 10 nM range being
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sufficient to keep required intrabody expression levels in the range of normal intracellular
proteins (~<100 nM), assuming a target protein concentration on the order of 1 nM.
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Figure 3.1.
Western blot of intracellular antibody expression.  Yeast cells expressing c-myc tagged
scFv fragments in the cytoplasm were lysed for western blot analysis using the
monoclonal 9e10 antibody.  The first visible lane (left) contains a yeast cell surface
displayed Aga2p-scFv fusion as a positive control (runs higher due to fusion).  The next
thirteen lanes are intrabodies selected at random from the pool of anti-htt scFvs isolated.
None of the intrabodies tested were present at levels significantly higher than the positive
control; well expressed intracellular proteins are often present at levels 10x higher than
cell surface proteins.  Low expression level is later confirmed for one of the intrabodies
after engineering by use of fluorescent protein fusions (chapter 5).
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Figure 3.2.
Mechanism of htt aggregation proposed by Wetzel.  Normally folded htt is in equilibrium
with misfolded htt (denoted by a star).  Reaction of a misfolded htt molecule with a
normally folded one results in stable dimer, the formation of which is thought to be
irreversible.
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Figure 3.3.
Rate of aggregate formation from a typical experiment.  Cells were sorted based on
httex1Q47-GFP intensity.  Intensity was used to estimate httex1Q47-GFP concentration
assuming spherical cells with diameter 22 microns (measured value).  The fraction of
cells not containing aggregates just after sorting (t=0) was determined by fluorescence
microscopy, and monitored periodically thereafter.  Cells were returned to the incubator
between measurements.  Fraction of cells without aggregates at each time point were
normalized to (divided by) the first measured value (t=0) in order to exclude cells which
had formed aggregates prior to sorting.  The natural log of the fraction of cells without
aggregates is plotted versus time.  The slope (i.e. rate) was determined by linear
regression, and data having R^2 values greater than 0.85 were used to determine the
concentration dependence of the rate. [The raw data that this figure is based on was
generated by John Cassady under my supervision].
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Figure 3.4.
Aggregation rates for httex1Q25-GFP as a function of concentration.  Rates were
determined from plots like that shown in Figure 3.3.  Htt with short polyQ tracts forms
aggregates at extremely low rates, measurable only at high concentration.  The rates
shown here correspond to the formation of less than 1% of cells having aggregates after
48 hrs (compare to rates in Figures 3.5 and 3.6). [The raw data that this figure is based on
was generated by John Cassady under my supervision].
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Figure 3.5.
Rate of aggregate formation as a function of httex1Q47-GFP concentration.  Data have
been pooled here from two independent experiments.  Regression analysis indicates that
the rate is approximately first order in httex1Q47-GFP. [The raw data that this figure is
based on was generated by John Cassady under my supervision].
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Figure 3.6.
Rate of aggregate formation as a function of httex1Q72-GFP concentration.  Data from
four independent experiments is shown.  The exponent calculated by regression analysis
varied between 0.58 and 1.48, averaging approximately 0.94.   This indicates that the rate
is approximately first order in httex1Q72-GFP concentration. [The raw data that this
figure is based on was generated by John Cassady under my supervision].
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Figure 3.7.
Predicted degeneration of neurons based on the model derived here (first order
exponential concentration dependence), with and without intracellular antibody
expression.  The value of kmisfolding x Chtt was assumed to be 0.05 (chosen arbitrarily to give
significant degeneration in 65 years time).
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Figure 3.8.
Antibody concentration required to bind 90% of htt, present at 1 or 500 nM, as a function
of binding affinity.  Model systems discussed in this work use htt at concentrations on the
order of 500 nM.  Htt is likely present at concentrations of the order of 1 nM in human
brains.
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Chapter 4.  Affinity maturation of antibodies
The antibodies isolated in chapter 2 were engineered for improved binding
affinity through mutagenesis and screening (affinity maturation).
Materials and Methods
Labeling and analysis of yeast surface display libraries and clones
Libraries and clones were labeled according to published protocols.49  In brief, 0.2
OD600-ml (approximately 2 million cells) of yeast were collected following overnight
induction of intrabody expression with galactose, rinsed in PBS/BSA, resuspended in 500
µl PBS/BSA with antigen (either biotinylated peptide or GST fusion protein) at
appropriate concentration and mouse monoclonal anti-c-myc antibody (9E10, Covance)
at 1:100 dilution.  Following an incubation step of 30 minutes or longer at 37 oC, cells
were rinsed with PBS/BSA and resuspended in PBS/BSA with either anti-GST
polyclonal-PE conjugate (Prozyme) or Streptavidin-PE (Molecular Probes) and goat anti-
mouse FITC conjugate (Sigma), at a 1:50 dilution.  After an additional 30 minute
incubation, cells were rinsed and analyzed on an Coulter Epics XL flow cytometer , or
taken to the MIT flow cytometry core facility for FACS.
Library screening
All libraries were sorted by a MoFlo FACS machine at the MIT flow cytometry
core facility. Mutant libraries were sorted as described in Appendix 1 and published
elsewhere.60
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Sequencing, sequence analysis, and homology modeling
Plasmids were recovered from yeast using a Zymoprep kit (Zymo Research), and
sequenced by the MIT Biopolymers Laboratory.  Sequences were analyzed using the
Biology Workbench (http://workbench.sdsc.edu) and NIH's IgBlast
(http://www.ncbi.nlm.nih.gov/igblast/).
Results
ScFvs were affinity matured against httex1 and the N-terminal 20 amino acids of
htt using the yeast surface display platform.31; 49; 60  A diverse library of point mutants,
with mutations randomly distributed over the scFv sequences, was generated by error-
prone PCR from the pool of httex1-binding scFvs initially selected from the non-immune
library.  This pool contained at least the eight clones whose sequences are presented in
Table 2.1, but likely included many more since the entire pool was amplified for
mutagenesis. Clones with higher affinity were isolated from this library by FACS, with
the initial round of sorting utilizing the same GST-httex1-Q67-GFP antigen used to isolate
the original pool of binders.  Subsequent rounds of sorting used a monovalent,
biotinylated peptide consisting of the N-terminal 20 amino acids of the huntingtin protein
as the antigen (MATLEKLMKAFESLKSFQQQ-biotin, here called 20aa-biotin).  Use of
the monovalent antigen resulted in more stringent screening by eliminating avidity
effects; it also focused our screening on a region of the htt protein which has been shown
to be a useful target.17
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After four sorting rounds, the affinity matured scFv pool was compared with the
original panel isolated from the non-immune library.  The multivalent GST-httxl-Q67-
GFP antigen was used for labeling during this analysis because the original panel of
antibodies did not recognize the monovalent antigen with sufficient affinity to be detected
(see Figure 4.1). The results are shown in Table 4.1.  After affinity maturation, the
fluorescence signal of binding was significantly increased, giving roughly equivalent
signal at 8 nM antigen as was observed at 800 nM antigen for the original pool of
binders, corresponding to an approximately 100-fold improvement in binding activity to
the multivalent GST-httex1-Q67-GFP fusion protein.  Both pools of yeast surface
displayed scFv had comparable expression levels (data not shown), indicating that the
improved signal was due to higher binding affinity.
Ten clones from the affinity matured panel were sequenced; the germline usage
and CDR sequences are shown in Table 4.2.  From these ten, four distinct clones were
identified.  Once again, the heavy chain usage varied between VH1 and VH6 family
members.  Unexpectedly, the light chain now belonged to the lambda 2 family instead of
lambda 1.  However, the third CDR showed exceptionally high homology to the lambda 1
CDR3 previously isolated, including the sequence WDDSLXXWV, further implying a
strong role for this sequence in httex1 binding activity.  This lambda 2 family member
derived from an scFv in the original pool which was not picked at random for
sequencing, making it impossible to ascertain what mutations, if any, were responsible
for improved affinity.  However, its dominance in the panel of improved mutants shows
the benefit of using a larger, more diverse template pool for library generation, rather
than only the previously sequenced clones.
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The pool of improved mutants was titrated with the monovalent 20aa peptide to
estimate the scFv’s binding affinity (Figure 4.1, circles). The affinity against this
monovalent antigen was approximately low micromolar, predicted to be insufficient for
potent intracellular activity.  Comparison of the signal obtained for the affinity matured
pool in Figure 4.1 relative to Table 4.1 indicates that the level of avidity improvement
attributable to GST dimerization is approximately 2 orders of magnitude (approximate
Kds are 5 µM for monovalent antigen and 50 nM for multivalent antigen).
To further improve binding affinity, a second round of affinity maturation was
carried out.  Several DNA sources were used for the library template in order to
maximize diversity. This diverse DNA template consisting primarily of the pool isolated
after affinity maturation (80% of template), but also included intermediate pools isolated
during successive rounds of sorting the library of mutants (20% of template, 10% each of
panel after one and two rounds of sorting.)  These intermediate pools were included in the
template to exploit any mutations which may have conferred a limited improvement in
binding affinity, but were not improved sufficiently to be enriched in the final pool.
Although DNase-based shuffling was not applied, it has been shown that the yeast
homologous recombination method of library construction used yields inter-gene
shuffling products61.  This second library was sorted 4 times against the 20aa peptide,
once at a concentration of 1 µM, once at 100 nM, and twice at 10 nM.
From the panel of antibodies thus isolated, ten clones were sequenced and nine
were identical replicates, with the tenth found not to exhibit improved affinity.  The
improved clone was named 2.4.3, and its sequence is shown in Table 4.2.  The heavy
chain was based on the dominant VH1 germline sequence found in both of the previously
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isolated panels, and the light chain came from the lambda 1 family, which was utilized by
the clones isolated from the non-immune library.  Once again, the dominant improved
clone was not derived from the major constituent of the template, but from a minor
fraction, underscoring once again the value of carrying forward a maximally diverse pool
of improved binders at each step of library construction.
The high affinity clone, 2.4.3, was titrated with monovalent 20aa peptide antigen
to determine its affinity (Figure 4.1, triangles).  The affinity was estimated to be roughly
30 nM, approximately 100-fold higher than the pool of mutants isolated after the first
round of affinity maturation.  Combined with the 100-fold improvement obtained during
the first round of affinity maturation, the total improvement to affinity was approximately
10,000-fold.
Discussion
Due to the accessibility of proteins on the cell surface, the yeast surface display
format is highly amenable to analysis of binding affinity and quantitative discrimination
between mutants with different affinities using FACS.41  This enables significant
improvements in affinity, such as the approximately 10,000-fold Kd improvement
reported here during two rounds of affinity maturation.
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Figure 4.1
Titrations against 20 aa antigen. Antibody pools and clones, displayed on the surface of
yeast, were titrated with monovalent 20aa-biotin peptide antigen to demonstrate binding
affinity.  First pool refers to scFvs isolated from the non-immune library; Second pool
refers to scFvs isolated after one round of affinity maturation.  Cells were incubated with
peptide at indicated concentrations, followed by labeling with streptavidin-PE, and mean
fluorescence intensity was measured by flow cytometry.  Cells not expressing the
antibody were excluded from the analysis.  Values obtained at each concentration were
normalized to the highest value obtained for the clone or panel to give relative
fluorescence signal in mean fluorescence units (MFU); except for the first pool, which
was normalized to highest value obtained for the second panel, since the first pool did not
give signals above background.  The second round of affinity maturation increased the
affinity by 50 to 100-fold, based on the shift in the binding curve shown.
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Antigen
Concentration
(nM)
Pool from Non-
Immune Library
(MFU)
Affinity
Matured Pool
(MFU)
8 35 110
80 60 290
800 120 390
Table 4.1.
First round of affinity maturation resulted in an approximately 100-fold increase in
affinity for GST-httx1-Q67-GFP.  Yeast surface displayed scFv pools isolated before and
after first round of affinity maturation were labeled with GST-httx1-Q67-GFP at specified
concentration, followed with anti-GST polyclonal antibody conjugated to PE, and their
fluorescence properties were measured by flow cytometry; fluorescence intensity reflects
amount of bound antigen at each concentration.  Cells not expressing scFv, as determined
by labeling with anti-c-myc monoclonal antibody, followed by goat anti mouse FITC
conjugate, were excluded from the analysis.  Mean fluorescence intensity is reported in
mean fluorescence units (MFU).  The pool isolated after affinity maturation exhibits
binding at 8 nM approximately equivalent to that observed at 800 nM for the panel
isolated from the non-immune library, indicating an approximately 100-fold
improvement in affinity.
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Clone Germ-line CDR H1 CDR H2 CDR H3 CDR L1 CDR L2 CDR L3
0.4.1 Vh6-1, V1-11 GDSVSSNTAAWY RTYYSSKWFYD EDD---------YGDYV SGSTSNIGNNAVN YDDLLPS ATWDDSLNGWV
0.4.2 VH1-69, V1-11 GGTISS--CAIS GIIPMFDTTN- TYYHDTSDNDGTYGMDV SGSTSNIGNNAVN YDDLLPS ASWDDNLNGWV
0.4.3 VH6-1, V1-11 GDSVSSNSAARN RTYYRSRWYND DPPYV------LSTFDI SGSTSNIGNNAVN YDDLLPS ATWDDSLNGWV
0.4.4 VH1-18, Vl-16 GGTISS--CAIS GIIPMFDTTN- TYYHDTSDNDGTHGMDV SGSSSNIGSNTVN SDNQRPS ATWDDSLNGWV
0.4.6 VH1-69, V1-11 GGTISS--CAIS GIIPMFDTTN- TYYHDTSDNDGTYGMDV SGSTSNIGNNAVN YDDLLPS ATWDDSLNGWV
0.4.7 VH1-69, V1-11 GGTISS--CAIS GIIPMFDTTN- TYYHDTSDNDGTYGMDV SGSSSNIGSNTVN ADYERPS ATWDDSLNGWV
0.4.9 VH1-69, V1-11 GGTISS--CAIS GIIPMFDTTN- DDVVA-----TLGGFDI SGSSSNIGSNTVN YDALLPS AAWDDSLDGWV
0.4.10 VH1-69, Vl-16 GGTISS--CAIS GIIPMFDTTN- TYYHDTRDNDGTYGMDV SGSSSNIGSNTVN YDDLLAS ASWDDNLNGWV
1.4.1 VH6-1, V2-14 GDSVSSNSAAWN RTYYRSKWNYD EDD---------YGDYV GG--TNIDKKSVH DDSDRPS TTWDDSLNVWV
1.4.2 VH6-1, V2-14 GCSVSSNRATWH RTYYSSKWRYD EDD---------YGDYV GG--TNIDKKSVH DDSDRPS TTWDDSLSGWV
1.4.5 VH1-69, V2-14 GGTISS--CAIS GIIPMFDTTN- TYYHDTSDNDGTYGMDV GG--TNIDKKSVH DDSDRPS TTWDDSLNAFV
1.4.8 VH6-1, V2-14 GDSVSSNTAAWY RTYYSSKWRYD EDD---------YGGYV GG--TNIDKKSVH DDSDRPS TTWDDSLSGWV
2.4.3 VH1-69, V1-11 GGTISS--CAIS GIIPMFDTTN- TYYHDTSDNDGTYGMDV SGSNSNIGSNTVN YDDLLAP ATWDDSLNGWV
Table 4.2
Germline usage and sequences of complementarity determining regions (CDRs) of
antibodies before and after affinity maturation.  Clones were named according to "rounds
of mutation, rounds of FACS sorting, clone number."  Germline sequences shown were
determined using IgBlast (http://www.ncbi.nlm.nih.gov/igblast/).  CDR H1 refers to the
first CDR of the heavy chain, CDR H2 is the second, etc.  Yellow background indicates
consensus (residues conserved in at least 11 of the 13 sequences shown).  Top, clones
isolated from the non-immune human antibody library.  Middle, clones obtained after one
round of mimicking affinity maturation by using mutagenesis and screening of scFv
displayed on the surface of yeast.  Bottom, clone obtained after two rounds of affinity
maturation.  Note high level of conservation in CDR L3.
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Chapter 5.  Development and characterization of a single
domain antibody against htt
In the last chapter, we discussed affinity maturation of the pool of antibodies
isolated, to create the scFv 2.4.3.  In this chapter, the binding site of 2.4.3 is examined by
mutational analysis.  Surprisingly, the binding site consisted only of the light chain
variable domain.  This single domain intrabody was markedly better expressed in the
cytoplasm relative to its scFv counterpart, and was able to partially block aggregation of
htt in a cellular model of HD.  This work demonstrates an approach that may be useful in
the development of other single domain intrabodies from a lead scFv.
Materials and Methods
Intracellular antibody expression as YFP fusion protein
Intrabody YFP fusion constructs were generated using homologous recombination
in yeast.62  The vector plasmid contained YFP on a p414 yeast shuttle vector backbone.
XbaI and BamHI were located upstream of YFP and after a galactose inducible promoter;
these sites were cleaved to give digested backbone for transformation.  A forward PCR
primer was designed to contain 30 bp of homology to the region between the galactose
promoter and the XbaI site, followed by 20 bp of homology to an HA tag upstream of the
antibody in the yeast surface display vector (to use for PCR of the intrabody).  The
reverse primer contained 30 bp of homology to the N-terminus of YFP, followed by 20
bp homologous to a c-myc tag at the C-terminus of the antibody in the yeast surface
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display vector.  PCR product and digested vector were transformed into BJ5464α S.
cerevisiae to give the final fusion construct.  Plasmids were recovered and sequenced,
then transformed back into yeast for analysis.  YFP fluorescence was measured 24 hours
post-induction using a Coulter Epics XL flow cytometer.
Soluble production of VL
The VL gene was isolated from the yeast surface display vector by partial
digestion with NheI and BamHI and subcloned into an S. cerevisiae secretion vector
containing an N-terminal flag tag and a C-terminal His6 tag. The plasmid was
transformed into BJ5464 S. cerevisiae.  Transformants were grown on a plate at 30oC for
three days, used to inoculate a starter culture on minimal glucose medium, which grew
for two days, and were subsequently transferred to a large (1L) culture in a Tunair flask
with the same medium.  Thirty six hours later, the medium was replaced with minimal
galactose medium for induction and supplemented with 0.5% BSA as a carrier protein.
Three days post-induction, the cells were removed from the medium by centrifugation
and filtration, and the supernatant was concentrated using an Amicon protein
concentrator with a 10 kDa membrane (Millipore).  The VL was purified from the
supernatant using a nickel column (Qiagen), and was analyzed by SDS-PAGE and BCA
assay (Pierce) to determine purity and concentration.
Cell-free in vitro aggregation inhibition assay
Aggregation of httex1Q67 was measured by right angle light scattering on a Varian
fluorescence spectrophotometer with excitation and emission filters set to 495 nm.  GST-
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httx1-Q67 at a concentration of 500 nM (monomer basis), 1 unit thrombin, and various
concentrations of VL were mixed in 50 µL total volume with PBS/BSA as a buffer.
After a 48 hr incubation at 37 oC, the total volume was brought to 150 µL and the
reaction was transferred to a quartz cuvette for measurement.  All concentrations were
tested in triplicate.
Homology model
The homology model was generated using Web Antibody Modeling
(http://antibody.bath.ac.uk/index.html). Images of the model were generated using
PyMOL software (DeLano Scientific LLC, at http://www.pymol.org).
Mammalian cell culture, aggregation assay, and toxicity assays.  ST14A cells 58 were
cultured according to standard protocols.  C-terminal his6 tagged intrabody constructs
were expressed from a pcDNA3.1 vector under the control of a CMV promoter, as was
httex1-Q97-GFP.  Cells were transiently transfected using lipofectamine (Invitrogen) or
similar reagents and presence of aggregates was monitored by fluorescence microscopy
24 hours post-transfection.
Results
Paratope mapped to variable light chain domain by random mutagenesis
Identification of an antibody's paratope can be useful for guiding the protein
engineering process.  In order to determine the paratope of the 2.4.3 clone, a library of
point mutants was created by error-prone PCR of the entire scFv, followed by FACS
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sorting of non-functional but still well-expressed mutants; the location of mutations that
result in loss of binding are indicative of the paratope location.
A yeast surface display library with an average of one mutation per clone spread
over both domains of the scFv and consisting of approximately 107 clones was generated
by error prone PCR using Taq polymerase in the presence of MnSO4. The mutation rate
used to generate the paratope mapping library was low in order to increase the likelihood
that isolated non-functional mutants had only a single point mutation.  The presence of
multiple point mutations would obscure the contribution of each mutation, and only
provides domain-level information about the general location of the paratope when all
mutations are constrained to a single domain of the protein.
This library was labeled with the anti-c-myc 9E10 mAb and the monovalent 20aa-
biotin peptide antigen at 1 µM to detect scFv expression and antigen binding,
respectively. After labeling with appropriate fluorophore-conjugated secondary reagents,
the library was sorted by FACS to obtain mutants that expressed the scFv on the yeast
surface, as judged by the presence of a C-terminal c-myc tag, but which lacked binding
activity. The sort gate used to accomplish this is shown in Figure 5.1.  The antigen
concentration was chosen to be ~30 times the binding Kd in order to brightly label clones
with wild-type affinity, resulting in a high level of discrimination between wild-type
clones and non-functional mutants.
Clones isolated after one round of sorting were amplified and re-labeled to ensure
undetectable binding activity at 1 µM, corresponding to a ΔΔG of approximately 3
kcal/mol.  Twenty-seven of thirty clones selected lost detectable htt peptide binding at 1
µM.  These clones were sequenced, and each clone was scored into one of three
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categories: those that had only one mutation (3/27), those that had multiple mutations
spread over both domains of the scFv (22/27), and those that had multiple mutations
constrained to a single domain of the scFv (2/27).  In all three clones with only one
mutation, the mutation was found to be on the light chain of the scFv, as was the case
with the two clones with multiple mutations constrained to a single domain (Figure 5.1B
and 5.1C).  No non-functional mutants were isolated that had mutations only on the
heavy chain.  That is, all twenty-seven non-functional mutants isolated contained
mutations on the light chain.  Isolation of five clones with mutations only on the light
chain is statistically significant for mutations randomly distributed between the domains
(P = 0.03).
The strong bias toward binding-loss mutations occurring only in the light chain is
indicative of the light chain contributing the great majority of free energy in the binding
interaction.  This is consistent with the earlier observation that clones isolated with novel
binding activity exhibited highly converged consensus sequence in the light chain, while
the heavy chain usage was more flexible.  However, it should also be noted that no
mutations in the VL CDR3 loop were isolated in this paratope analysis, despite its
conservation in the pool of novel binders.  Consequently, the information from this
screen was less useful for precise localization of energetic hot spots for binding, and was
instead helpful in emphasizing the significance of the VL domain relative to the VH.
Single domain expresses well on yeast surface and retains binding affinity
Serendipitously, the light chain of 2.4.3 fused directly to a fragment of Aga2p was
isolated from the paratope-mapping library when that library was sorted for improved
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binding.  Such artifacts may be created during homologous recombination in yeast,
because very little homology is required for a cross-over event.61  The VL did not exhibit
higher affinity, but was slightly better expressed on the yeast cell surface, and was likely
isolated from the library for this reason. An Aga2-VL fusion was constructed with a
(Gly4Ser)3 linker between the Aga2 and VL, with a C-terminal c-myc tag included for
detection of the fusion protein on the yeast surface.  Yeast expressing this construct were
labeled with an anti-c-myc antibody followed by goat anti-mouse FITC to detect
expression.  The result is shown in Figure 5.2, top.  The light chain construct was found
to express equivalently well on the yeast surface as compared to the scFv.  Because the
yeast endoplasmic reticulum retains and targets unfolded proteins for degradation,38; 39 its
ability to reach the yeast cell surface indicates that the light chain variable domain is
stable in the absence of its heavy chain partner.
A titration of the light chain-only construct is shown in Figure 5.3 (diamonds).
The binding affinity is approximately the same as the 2.4.3, demonstrating that the light
chain does in fact contribute essentially all of the binding free energy from the scFv.
Light chain domain has improved intracellular expression in yeast
Intensity of fluorescence from GFP fusion expression has been shown to be a
useful tool in gauging and comparing intracellular soluble expression.63  To measure the
intracellular expression of the antibody fragments, fusion proteins were expressed
consisting of antibody fragments, either the scFv or the VL alone, and yellow fluorescent
protein (YFP-a GFP variant).  Fusion proteins were expressed from a cytoplasmic,
galactose inducible yeast expression vector.  Twenty four hours post induction, cells were
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analyzed by flow cytometry.  The distribution of fluorescence observed is shown in
Figure 5.2.  While the scFv-YFP fusion exhibited negligible fluorescence relative to
background, the VL-YFP fusion fluoresced brightly, indicating high levels of protein
expression.  About 40% of the VL-YFP cells showed no fluorescence, likely due to
plasmid loss, which occurs in 2-50% of yeast cells within a transiently transfected
population.
VL blocks huntingtin aggregation in a cell-free in vitro assay
Monoclonal antibodies against polyglutamine have been shown to block
huntingtin aggregation in cell-free in vitro assays,16 as have scFvs against the first
seventeen amino acids of huntingtin in cell based assays.17; 18  These antibodies are
thought to block aggregation either by forcing the huntingtin fragment into a
conformation that is incapable of aggregating, or by simple steric hindrance of the
polyglutamine-polyglutamine interaction that leads to nucleation or elongation of the
amyloid fibril.  An in vitro assay was used to determine if the single domain antibody
would inhibit htt aggregation.  The VL was secreted from S. cerevisiae as a soluble
protein, and purified from the growth medium by affinity chromatography against a C-
terminal His6 epitope tag.  The purified yield was approximately 3 mg/L of culture.
An in vitro assay was designed based on aggregation of the httex1-Q67 fragment
of htt measured by light scattering.  The GST-httex1-Q67 contains a thrombin cleavage
site between the GST and httex1-Q67, which can be used to initiate aggregation by freeing
httex1-Q67 from the stabilizing GST protein.  Once cleaved, the httex1-Q67 protein forms
aggregates that can be measured by right angle light scattering within 48 hours when
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present at 500 nM or greater concentrations.  Recombinant VL was added at various
concentrations to evaluate its effect on the aggregation process.  The results are shown in
Figure 5.4.  The VL antibody completely and reproducibly blocked htt aggregation when
it was present at stoichiometric equivalence to httex1-Q67.  To ensure that the antibody
does not simply inhibit thrombin cleavage, the reaction products were analyzed by SDS-
PAGE, and the GST-httex1-Q67 protein was completely cleaved even in the presence of
the VL (Fig. 5.4B).
Single-domain intrabody inhibits htt aggregation in transiently transfected ST14A
cells
Finally, we evaluated the ability of the single-domain antibody to inhibit htt
aggregation in transiently tranfected ST14A cells.  Cells were co-transfected with the
intrabody and httex1-Q97-GFP at a 2:1 plasmid ratio, and the appearance of aggregates
was monitored by fluorescence microscopy 24 hours post-transfection.  Cells co-
transfected with the VL and htt plasmids were significantly less likely to contain
aggregates than those co-transfected with an empty vector in place of the VL (see fig.
5.5).
Discussion
Yeast surface display can facilitate structure/function analysis, as demonstrated
with the paratope mapping studies reported here.  Typical mutational analysis requires
expression and purification of each mutant to be studied, while in yeast surface display
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the protein to be studied is expressed directly in a properly folded state, already
immobilized on the yeast surface where its binding properties can be analyzed.
Combined with the ability to rapidly sort mutant libraries to obtain clones with desired
properties, this is an appealing approach to domain-level parsing of binding site
contributions; analogous domain-level epitope mapping is also possible.64; 65
We have demonstrated that YSD can be used to derive a single-domain antibody
from an scFv, when the binding energy of the scFv is contributed predominantly by one
of the two domains.  Reduction to a single domain can be advantageous for increasing
intracellular expression levels, which is key to the biological activity of intrabodies; it
may also be useful for focusing further engineering efforts, such as affinity maturation,
on the more relevant domain.  However, we did not extract more detailed information
about the paratope, such as particular residues that are important for the binding
interaction, as are often obtained by alanine scanning.66  The clones with single mutations
isolated here all involved either proline or glycine, both of which would very likely
strongly affect framework secondary structure.  We believe these mutations scattered
about the entire domain grossly affect folding of the paratope, since they clearly are not
positioned to make direct contacts with the antigen (Figure 5.1B).  It may be possible to
identify particular contact residues in the paratope if the screening approach were
modified to find mutants which have only slight decreases in affinity.  Alanine scanning
studies have shown that individual contact residues often contribute no more than 1.5
kcal/mol of binding energy, which corresponds roughly to a 10-fold decrease in affinity67.
To achieve a 100-fold or greater decrease in affinity, the threshold for isolation in this
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study, multiple mutations or single mutations causing significant structural domain-level
changes were apparently required.
To our knowledge, this is the first reported case where an scFv paratope was
mapped entirely to the light chain domain.  The fact that the paratope was located only on
the light chain of this scFv is contrary to the viewpoint that the interdomain cleft forms
the binding pocket for peptide antigens.68  Although the crystal structure of this antibody
is not available, inspection of a homology model (generated using Web Antibody
Modeling (http://antibody.bath.ac.uk/index.html)) did not reveal an appropriate cleft
which could serve as a substitute.  However, it has been reported that peptides can
interact with binding pockets which are only moderately concave69; 70; 71 which may be the
case here.
Although we were successful in isolating an intrabody by this method, a
theoretical shortcoming of the yeast surface display platform for application to intrabody
engineering might arise from the difference in redox environment on the cell surface as
compared to the cytoplasm, where disulfide bonds do not stably form.  Antibodies
contain highly conserved intradomain disulfide bonds in both the heavy and light chain
variable domains that hold the beta-sheet forming framework residues in a rigid
conformation.  Disruption of these disulfide bonds perturbs the domain structure,
reducing protein stability.72  This presumably is responsible for the disparity between cell
surface expression and cytoplasmic expression levels for the scFv (Figure 5.2, compare
top and bottom). Further, the expression of fusion proteins (an scFv is a fusion protein
consisting of the heavy and light chain variable domains) is generally cis-dominant; that
is, the expression of the fusion protein is only as good as the expression of the member
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with the lowest stability, so an alternative explanation of the improvement in expression
observed when the heavy chain is eliminated is that the VH domain of 2.4.3 was
significantly less stable than the light chain under reducing conditions.
Although it has been recently reported that single heavy chain variable domains
can be used as intracellular antibodies,28; 29 to our knowledge this is the first report of a
single light chain variable domain intrabody.  The increase in expression obtained when
using the single VL domain compared to the entire 2.4.3 scFv is consistent with
observations for a heavy chain domain intrabody derived from an scFv.29  The current
work supports the value of single domain intrabodies as intracellular antigen recognition
units.  It has been observed that for immunoglobulin light chains consisting of both the
constant and variable regions, dimers can form by interaction of the hydrophobic
interdomain face that is exposed in the absence of the heavy chain.73  However, single
light chain variable domain antibodies have been shown to form stable monomers,27; 74
and should make suitable intrabodies.
A potential advantage to using single-domain intrabodies rather than scFv for
treatment of HD via gene therapy arises from the reduced mass of the smaller intrabody.
A hallmark of HD is the formation of intranuclear inclusions, so the ability of an
intrabody to diffuse into the nucleus and prevent aggregation there may be critical.
While scFv, with a molecular weight of 25-30 kDa, are close to the molecular weight cut-
off of nuclear pores,75 single domain intrabodies are only half that size and should more
readily diffuse into the nuclear subcompartment.
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Clone Mutation(s)
3.1.1- A12V (orange),
F37S (blue)
3.1.12- L74P (green)
3.1.13- I20V (yellow),
I76T (violet)
3.1.16- D52G (cyan)
3.1.29- G102V (red)
Figure 5.1.
Paratope of scFv 2.4.3 mapped to variable light chain domain by analysis of mutants
which had attenuated binding to htt.  A library of mutants based on scFv clone 2.4.3 was
screened by FACS to isolate mutants that lacked the ability to bind htt. A, FACS data
showing typical sorting gate for  collecting non-functional mutants.  Clones which
express the antibody, as detected by presence of c-myc tag with monoclonal antibody
followed by goat anti-mouse-FITC, and which do not bind the monovalent 20aa-biotin
peptide, detected by streptavidin-PE, were collected.  Collected clones were amplified
and analyzed individually and those lacking binding activity were submitted for
sequencing.  B, a homology model (generated using Web Antibody Modeling
(http://antibody.bath.ac.uk/index.html)) of scFv 2.4.3 showing that mutations that ablated
binding were constrained to the variable light chain domain.    C, table containing exact
location of these mutations.
A
C
B
Gate
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Figure 5.2.
ScFv clone 2.4.3 and the singled-domain VL of that clone express comparably on the
yeast surface, but only the VL expresses well in the cytoplasm.  Top, c-myc tagged VL
and scFv 2.4.3 are equally well expressed on the yeast surface, as detected by anti-c-myc
monoclonal antibody and goat anti-mouse-FITC by flow cytometry.  Bottom, variable
light chain domain intrabody fused to YFP has expression levels at least 5-10 times
higher than scFv-YFP fusion.  Two peaks can be seen in both panels due to loss of the
plasmid containing the antibody, which occurs in 2-50% of cells within transiently
transfected yeast cultures.
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Figure 5.3.
The light chain domain of clone 2.4.3 binds the 20 aa peptide antigen with affinity
equivalent to the full scFv.  Antibody pools and clones, displayed on the surface of yeast,
were titrated with monovalent 20aa-biotin peptide antigen to demonstrate binding
affinity.  First pool refers to scFvs isolated from the non-immune library; Second pool
refers to scFvs isolated after one round of affinity maturation.  Cells were incubated with
peptide at indicated concentrations, followed by labeling with streptavidin-PE, and mean
fluorescence intensity was measured by flow cytometry.  Cells not expressing the
antibody were excluded from the analysis.  Values obtained at each concentration were
normalized to the highest value obtained for the clone or panel to give relative
fluorescence signal in mean fluorescence units (MFU); except for the first pool, which
was normalized to highest value obtained for the second panel, since the first pool did not
give signals above background.
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Figure 5.4.
VL stoichiometrically blocks htt aggregation in an in vitro assay.  Recombinant GST-
httex1-Q67 protein aggregates rapidly upon GST cleavage by thrombin.  A.  500 nM GST-
httex1-Q67, 1 unit thrombin, and various concentrations of VL were mixed and
aggregation was measured by right angle light scattering 48 hrs later, unless otherwise
indicated.  At t=0, the solution is free of aggregates, but after 48 hrs htt aggregates form
in the absence of antibody, even when thrombin is not added (-Thrombin).  The dose-
response indicates that aggregation inhibition is complete when the VL is present in
stoichiometric proportion (>500 nM) to htt.  B.  SDS-PAGE gel showing that presence of
antibody does not inhibit thrombin cleavage, monitored by presence of GST band at 25
kDa.  The polyglutamine-containing httex1-Q67 runs abnormally high at about 50 kDa,
and is not seen in the sample without intrabody because it has aggregated and cannot
enter the gel.  [Part A generated by Payal Garg under my supervision; part B generated
with the assistance of Payal Garg.]
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Figure 5.5.
Single-domain intrabody VL inhibits htt aggregation in transiently transfected ST14A
cells.  Plasmids for VL and httx1Q97-GFP were cotransfected into ST14A cells at a 2:1
ratio.  Presence of aggregates was observed by fluorescence microscopy 24 hours post-
transfection. *** p<0.001 [Data generated by Colin Chu under my supervision.]
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Chapter 6.  Development and characterization of a high
affinity single domain intrabody lacking a disulfide bond
In the last chapter, we described the isolation of a single-chain antibody (scFv)
specific for the first 20 amino acids of huntingtin, and its reduction to a single variable
light chain (VL) domain, in order to enable intracellular expression and mild inhibition of
htt aggregation 24.  In this chapter, the VL intrabody was engineered further for robust and
effective inhibition of aggregation and cytotoxicity. This was accomplished by removing
the disulfide bond to make intrabody properties independent of redox environment,
whether intracellular or extracellular, and performing subsequent engineering.  First, the
cysteines that form the disulfide bond were mutated to hydrophobic residues (valine and
alanine), a technique shown to be effective for obtaining higher yields of active antibody
expressed from E. coli 76.  This resulted in an unexpectedly large decrease in the
intrabody’s affinity for its antigen.  Iterative rounds of mutation and screening were then
applied to improve the intrabody’s affinity.  We find that the ability to block httx1Q97-
GFP aggregation correlates with antigen binding affinity in the absence of disulfide
bonds. Disulfide-independent binding affinity and intracellular antibody expression levels
24; 52; 53; 54,  appear to be the two essential design variables for the development of highly
functional intracellular antibodies.
Materials and Methods
Yeast surface display.  The cysteine residues of yeast displayed VL 24 were changed to
valine and alanine (C22V, C89A) by site directed mutagenesis of the VL gene using
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QuikChange PCR (Stratagene). Yeast surface display labeling experiments to measure
expression and binding were conducted as previously described 49.  A peptide consisting
of the first 20 amino acids of htt was used as the antigen
(MATLEKLMKAFESLKSFQQQ-biotin, synthesized by the MIT biopolymers lab).  The
antigen was synthesized to contain three glutamines because the beginning of the
polyglutamine region would be an ideal target for interfering with the misfolding of htt
exon I.  Affinity maturation of VL,C22V,C89A relied upon protocols previously described 33.
Briefly, the VL,C22V,C89A gene was used as the template for the creation of a library of point
mutants through error prone PCR using nucleotide analogues.  The resulting PCR
products were amplified and transformed into yeast along with digested pCTCON (a
yeast surface display vector) to create a library through homologous recombination 62.
The library had a diversity of 3 x 107 intrabody mutants displayed on the surface of yeast.
This library was sorted 4 times by FACS to isolate mutants with approximately 10-fold
improvement in affinity , as measured by titration with the 20 amino acid htt peptide.
These mutants were then used as the template in the next round of library generation.
The entire process, from library generation to isolation of improved mutants, was
repeated three times to yield VL12.3.  FACS sorting was performed using a Cytomation
Moflo FACS machine by the staff of the MIT Flow cytometry core facility.  All
constructs and clones were sequenced at the MIT biopolymers lab.
Mammalian cell culture, aggregation assay, and toxicity assays.  ST14A cells 58 were
cultured according to standard protocols.  C-terminal his6 tagged intrabody constructs
were expressed from a pcDNA3.1 vector under the control of a CMV promoter.  The
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method used to quantify the effect of intrabodies on intracellular htt exon I aggregation in
the three cell lines mentioned above is described in detail elsewhere 24; briefly, cells were
transiently transfected using Lipofectamine 2000 (Invitrogen) and presence of aggregates
was monitored by fluorescence microscopy.  Transfection efficiencies and expression
levels of httex1Q97-GFP were monitored by flow cytometry on a Moflo FACS machine
(Cytomation).
For the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
assay, which was used to measure metabolic activity, transiently transfected ST14A cells
were sorted 48 hrs post-transfection based on GFP signal to collect populations
expressing GFP or httex1-GFP transgenes (Q25 or Q97).  These cells were sorted directly
into 96-well plates, 35,000 cells per well in 100 µl maintenance media.  The MTT assay
(kit from ATCC) was then performed according to the manufacturer’s protocol.  A
Fluorostar Optima96-well plate reader (BMG Labtechnologies) was used to measure
absorbance of the metabolic product at 570 nM.
PC12 cell lines expressing either htt-25Q-EGFP or htt-104Q-EGFP under the
control of the inducible ecdysone promoter were obtained from the Housman lab.  The
construct consists of the first 17 amino acids of htt-Exon1, followed by the polyQ stretch
and enhanced GFP in the inducible ecdysone system.  The cells are stable transfectants.
Cells are grown on RPMI medium supplemented with 15% FBS, 100 units/ml penicillin,
100 ug/ml streptomycin, 2 mM L-glutamine, 200 ug/ml G418, and 100 ug/ml Zeocine.
Intracellular aggregation in yeast.  VL12.3 was expressed cytoplasmically along with
htt-x1-Q97-YFP, which forms aggregates in the yeast cytoplasm.  Images were taken on
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a confocal microscope, and images were analyzed quantitatively to objectively measure
the fraction of cells with aggregates.  Three images were taken of each sample, with
approximately 50-100 cells in each image.  Aggregates were scored by applying a
threshold value to fluorescence intensity.  Because the rate of plasmid loss can be high
with non-integrated constructs, the data were corrected by assuming cells which have lost
the VL12.3 plasmid will exhibit a level of aggregation equal to that of the negative control
(empty vector).
Viral Delivery of VL12.3
A strain of adenovirus (Ad-VL12.3) was created that carries the VL12.3 gene.
VL12.3 was subcloned into the transfer vector pACCMV2, and the University of
Michigan Vector Core facility  (http://www.med.umich.edu/vcore/) produced the
engineered virus.
Results
Elimination of anti-htt VL intrabody’s disulfide bond reduces affinity for huntingtin.
Intracellular expression of antibody fragments leads to incomplete formation of
structurally important disulfide bonds.  To determine the impact of incomplete disulfide
bond formation on VL expression and affinity for huntingtin, the cysteines of yeast
surface-displayed VL were mutated to valine and alanine (C22V, C89A) 76, to make
mutant VL, C22V, C89A. Yeast cell surface protein expression levels, which can be monitored
by the presence of a C-terminal c-myc tag detected by immunofluorescence and flow
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cytometry, have been shown to correlate strongly with protein stability 38; 39.
Significantly, yeast cell surface expression levels of VL, C22V, C89A were comparable to those
of VL, suggesting that the absence of the disulfide bond did not significantly alter stability
of the protein (Figure 6.1A).  A negative peak can be seen just above a fluorescence value
of 101, due to cells that have lost the expression plasmid.
We then measured the affinity of the wild type VL and mutant VL, C22V, C89A for a
biotinylated peptide antigen consisting of the first 20 amino acids of htt, by titration of
the yeast surface displayed intrabodies (Figure 6.1B, diamonds and circles, respectively).
The mutant lacking a disulfide bond exhibited a binding affinity 2-3 orders of magnitude
lower than the wild type intrabody (approximate affinities are VL ~ 30 nM, VL, C22V, C89A >
10 µM), indicating the importance of disulfide bond formation in maintaining the
structural integrity of the antigen binding site of the intrabody.  Since disulfide bonds are
not thermodynamically favored in the reducing environment of the cytoplasm, the
intracellular affinity of VL is expected to be on the order of that of the mutant lacking the
disulfide bond.
Elimination of disulfide bond does not affect aggregation inhibition properties of
intrabody in transiently transfected mammalian cell model of HD.  To ensure that
mutation of the cysteine residues that form the disulfide bond of the yeast surface
displayed VL mimics intracellular expression, we measured the effect of disulfide bond
elimination on the ability of the intrabody to block htt aggregation when transiently
transfected into mammalian cells at a high plasmid ratio relative to htt.   ST14A cells
were co-transfected with httex1Q97-GFP (also in pcDNA3.1) and either an empty vector,
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VL, or VL, C22V, C89A, at a 2:1 intrabody:htt plasmid ratio.  Twenty-four hours post-
transfection, cells with aggregates were counted.  Both the wild type intrabody and the
mutant lacking cysteines inhibited aggregation to the same extent (Figure 6.1C), when
expressed at high levels.  The equivalent aggregation inhibition of VL and VL, C22V, C89A,
despite the almost 1,000-fold difference in affinities of the intrabodies under oxidizing
extracellular expression conditions, strongly suggests that the disulfide bond in VL does
not form in the cytoplasm.
Intrabody lacking disulfide bond engineered for high affinity by directed evolution.
Since the intracellular affinity of the VL was relatively low, we hypothesized that more
potent aggregation inhibition could be achieved by engineering VL, C22V, C89A for higher
affinity.  Random mutagenesis of the VL, C22V, C89A gene was carried out using error-prone
PCR.  The resulting PCR fragments were transformed into yeast along with a yeast
surface display vector to create a library through homologous recombination 62.  This
library had a diversity of approximately 3 x107 intrabody mutants displayed on the
surface of yeast.  Iterative rounds of FACS sorting were used to isolate new mutants with
improved affinity.  The process of mutagenesis and sorting resulted in an approximately
10-fold improvement in binding affinity.  The improved mutants obtained were used as
the template for the next round of library creation; the entire mutagenesis and sorting
process was repeated three times.  After the third round, one mutant designated VL12.3
was identified with significantly improved affinity, (titration shown in Figure 6.1B;
approximate Kd ~ 5 nM).
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The improved mutant was sequenced and found to have gained 4 mutations (F37I,
Y51D, K67R, A75T); continued absence of the cysteine residues was also confirmed.
Three of the four mutations were in framework positions (residues in antibody variable
domains that do not generally form contacts with antigens); only one was in a
complementarity determining region (Y51D in CDR L2). The locations of the mutations
are shown in a homology model (Figure 6.1D; homology model generated at Web
Antibody Modeling (http://antibody.bath.ac.uk/index.html)).
Engineered intrabody VL12.3 robustly blocks aggregation in transiently transfected
mammalian cell models of HD.  To determine whether VL12.3 has improved huntingtin
aggregation inhibition properties, various cell lines were transiently co-transfected with
httex1Q97-GFP and VL12.3, and the formation of aggregates was monitored by
fluorescence microscopy and western blotting. In some experiments, an intrabody that
lacked specificity for huntingtin (ML3-9) and an empty control vector were tested as a
negative controls, and previously reported C4 17 and VL 24 were included for comparison.
First, experiments were performed using intrabody to htt plasmid ratios of 5:1.  In
previous work 14; 17; 24, such high levels of intrabody overexpression were required to
accomplish moderate reduction of aggregate formation.  VL12.3 exhibited the ability to
essentially ablate aggregation at these high levels of expression, as shown in Figure 6.2A
(circles), for VL12.3 in ST14A cells, compared to C4 (triangles) and empty vector
(squares).  Significantly, aggregation inhibition persisted over a period of several days.
Given the strong capability of VL12.3 to reduce the formation of aggregates at
high expression levels, we then studied the dose response of aggregate formation by
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varying the ratio of intrabody to htt plasmid.  As shown in Figure 6.2B, VL12.3 blocked
aggregation significantly even when expressed at very low levels (0.5:1 intrabody:htt
plasmid ratio).  The formation of aggregates was reduced by nearly 80% when the
intrabody plasmid was present in a 1:1 ratio with htt plasmid, and greater than 90% when
present at higher levels.  Sample images with and without VL12.3 are shown in Figure
2C.
Flow cytometry was used to determine whether expression levels of httex1Q97-
GFP were different in the presence of the intrabody; expression levels were comparable
for samples with intrabody compared to empty vector (Fig. 6.2D).  Therefore, the
decrease in aggregation did not occur simply as a result of inhibiting httex1Q97-GFP
expression.
Additional characterization of the engineered intrabody in other cells lines is
shown in Appendix 2: Results from the Messer lab.
Engineered VL12.3 inhibits toxicity in neuronal cell culture model of HD.  Energy
metabolism impairment and mitochondrial dysfunction have been described in cellular
models of HD as well as in HD patients 77; 78.  To see if the engineered VL12.3 intrabody
could reduce toxicity in mammalian cells in addition to blocking aggregation, the MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was used to
measure the mitochondrial activity of transiently transfected ST14A cells 79.  ST14A cells
were transfected with either GFP, httex1Q25-GFP, or httex1Q97-GFP.  Forty-eight hours
post-transfection, live GFP positive cells were sorted by FACS.  The ability of the cells to
metabolize MTT during four additional hours of culture was measured.  Compared to
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cells expressing GFP or httex1Q25-GFP, cells expressing httex1Q97-GFP exhibit an
attenuated ability to reduce MTT (Figure 6.3).  Co-transfection with VL12.3 at a 2:1 ratio
resulted in completely restored ability to metabolize MTT, indicating normal levels of
mitochondrial activity.
Viral delivery of VL12.3 inhibits htt aggregation in an established cell line
An established neuronal cell model of HD (Apostol BL, et al, Proc Natl Acad Sci
U S A. 2003 May 13) was used to asses the function of the virus.  Cells were treated with
viral lysates (estimated MOI of 100), or were not treated (negative control).  Twenty-four
hours post-infection, expression of the huntingtinQ103-GFP transgene was induced using
500 nM muristerone A (Invitrogen).  After an additional twenty-four hours, the
aggregation state of huntingtinQ103-GFP was observed using fluorescence microscopy.
Cell which had been exposed to the Ad-VL12.3 virus were significantly less
likely to contain aggregates than cells which had not received treatment, as shown in
Figure 6.4.  Sample images of the cells are shown in Figure 6.5.
Engineered intrabody inhibits huntingtin aggregation in a yeast HD model
We then tested VL12.3’s ability to interfere with huntingtin aggregation in the
same yeast HD model that was used in the experiments from chapter 2, in which the
original antibodies were found to be ineffective.  VL12.3 was expressed cytoplasmically
along with htt-x1-Q97-YFP, which forms aggregates in the yeast cytoplasm.  Images
were taken on a confocal microscope, and images were analyzed quantitatively to
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objectively measure the fraction of cells with aggregates.  The engineered intrabody very
effectively blocked aggregation in this assay, as shown in Figure 6.7.
Discussion
We have developed a highly potent intracellular antibody against the N-terminal 20
amino acids of the huntingtin protein, htt, which is mutated in Huntington’s Disease (HD)
and forms intracellular aggregates in medium spiny neurons of the striatum.  This new
intracellular antibody, VL12.3,  efficiently prevents the aggregation and toxicity of htt-
exon1 and may therefore be useful in treatment of HD by gene therapy.  We removed the
disulfide bond of the single-domain antibody, VL (1), by site-directed mutagenesis in
order to make its properties, such as stability and affinity, independent of the oxidation
state of its environment.  We next greatly improved the binding affinity of the antibody
by mutagenesis and screening for improved binding.  In comparison to previously
described intrabodies against htt 14; 17; 24, this intrabody effectively prevented aggregation
at 10-fold lower expression levels or plasmid ratios, and was able to reduce intracellular
aggregation  of mutant htt-exon1 protein almost completely.  Given the relative
inefficiency of viral gene delivery to the central nervous system, it is essential that in any
proposed gene therapy, the therapeutic protein whose gene is delivered should work as
efficiently as possible.  For this reason, VL12.3 may prove useful in treating HD through
gene therapy, in addition to use as a research tool in further studies of the role of htt
aggregation in HD pathogenesis.
In a cell-based assay, we explored the ability of VL12.3 to eliminate intracellular
aggregates of mutant htt-exon1.  Recently there has been some discussion of the role that
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htt aggregates and aggregation might play in HD 80.  We used the formation of large
inclusions in the presence of overexpressed htt exon1 as a measure of intrabody potency,
although smaller intermediates in the aggregation process may be responsible for toxicity,
or other abnormal protein interactions involving misfolded htt exon1 may be involved.  It
is therefore noteworthy that when VL12.3 was expressed along with httex1Q97-GFP,
greater than 90% of both aggregation and cell toxicity were prevented.
This study also illustrates the impact of disulfide bond formation (or lack thereof)
in the cytoplasm on intracellular binding affinity in intrabody-antigen interactions.
Conventional wisdom suggests that disulfide bonds do not form in the cytoplasm.
However, disulfide bond formation has been observed following oxidative stress 81,
fueling debate within the intrabody research community about whether such bonds form
in cytoplasmically expressed antibody fragments.  We found a dramatic lowering of the
in vitro affinity when the cysteines were replaced by the hydrophobic residues alanine
and valine (Fig 6.1B).  However, these mutations did not alter intracellular intrabody
potency, as measured when the intrabody was present at a high plasmid ratio (Fig. 6.1C).
This strongly implies that the disulfide bond does not form even when the cysteine
residues are present in this case, given the dramatic effect of cysteine mutation on in vitro
affinity.  It is also interesting to note that mutation of the cysteine residues did not
significantly alter antibody expression (on the yeast surface in this case, Fig 6.1A) in
contrast to other published reports 34; 72.
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Figure 6.1.
A single domain intrabody against huntingtin was engineered for high affinity in the
absence of a disulfide bond.  A.  Histograms of yeast cell surface expression levels for VL
and VL C22V C89A, indicating comparable levels of expression with and without the disulfide
bond.  B.  Antigen binding curves for yeast surface displayed VL mutants measured by
flow cytometry.  Values normalized to maximal intensity measured, except for VL,C22V,
C89A , which was normalized to maximal intensity measured for VL.  VL (diamonds) has a
Kd of approximately 30 nM, while VL with cysteine mutations (VL,C22V, C89A , circles) has
significantly lower binding affinity (>10 µM).  Repeated rounds of random mutagenesis
of VL,C22V, C89A followed by sorting for improved binding resulted in the mutant VL12.3,
which has a Kd of approximately 3 nM.  C.  Effect of VL and VL,C22V, C89A on htt
aggregation in ST14A cells transiently transfected with indicated intrabody or vector
control and httex1Q97-GFP at a 2:1 plasmid ratio.  Both intrabodies are equally capable of
partially blocking aggregation when overexpressed at high levels. *** p<0.001.  D.
Homology model showing mutations obtained during engineering; model contains
residues present before mutagenesis.  Cysteine residues are shown in yellow.  Mutations
observed after mutagenesis and sorting are F37I (red), Y51D (pink), K67R (green), A75T
(orange).  [Data in part C was generated by Colin Chu under my supervision.]
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Figure 6.2.
Engineered VL12.3 robustly blocks htt aggregation. A.  ST14A cells were transiently co-
transfected with httex1Q97 –GFP and either an intrabody (C417 or VL12.3) or an empty
control vector, and cells with visible aggregates were counted 1, 2 and 3 days post-
transfection (5:1 intrabody:htt plasmid ratio, N=3).  VL12.3 (circles) persistently
eliminated htt aggregation over three days.  B.  Dose response of VL12.3 was measured at
two days by varying intrabody:htt plasmid ratios (N=3).  C.  Fluorescence microscopy
images of typical cells.  D.  Flow cytometry histograms showing expression level per cell
of httex1Q97 –GFP in transfected cells in the presence of intrabody compared to empty
vector (mean fluorescence intensity 82 MFU vs. 76 MFU, respectively; transfection
efficiencies were comparable in both samples, at 13% and 11%, respectively).  [Data in
A,B,D generated by Colin Chu under my supervision].
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Figure 6.3.
Engineered intrabody VL12.3 inhibits metabolic dysfunction in neuronal model of HD.
ST14A cells were transfected with a plasmid encoding either GFP, httex1Q25-GFP,
httex1Q97-GFP, or httex1Q97-GFP with VL12.3 in a 2:1 ratio.  A.  Live GFP positive cells
were collected by FACS in a 96-well plate, 35,000 cells per well 48 hrs post-transfection;
typical dot plot is shown for a GFP sample.  Other samples showed similar pattern, and
the sorting gate (box shown) was the same in all instances.  B.  Cells were incubated with
MTT reagent for 3 hours, solubilized, and the A570 was measured; mean values from 3
separate experiments containing all four samples are shown.  Statistics directly over error
bars are for comparison to GFP, ns, not significant, * p<0.05, ** p<0.01.  Statistics over
brackets are comparisons between the two samples indicated.  Four additional pairwise
comparisons may be made between httex1Q97-GFP and httex1Q97-GFP + VL12.3; the
pooled results indicate a 56 +/- 25% increase in A570, p<0.001.  Expression of httex1Q97-
GFP significantly reduced the ability of cells to reduce MTT, but this effect was reversed
by the co-expression of VL12.3.  [Data in this figure generated by John Cassady under my
supervision.]
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Figure 6.4.
Adenovirus encoding VL12.3 (Ad-VL12.3) reduces huntingtinQ103-GFP aggregation in
a neuronal cell culture model of HD.  PC12 cells expressing httN17Q103-GFP on
ecdysone promoter were treated with Ad-VL12.3 at time of induction with muristerone A
(500 nM).  Cells with aggregates were counted 24-hrs post-transfection.
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Figure 6.5.
Sample images of untreated cells expressing httN17Q103-GFP (top), and Ad-VL12.3
treated cells expressing httN17Q103-GFP (bottom).  Adenovirus encoding VL12.3 (Ad-
VL12.3) reduces huntingtinQ103-GFP aggregation in a neuronal cell culture model of
HD.  PC12 cells expressing httN17Q103-GFP on ecdysone promoter were treated with
Ad-VL12.3 at time of induction with muristerone A (500 nM).
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Figure 6.6.
Aggregation inhibition resulting from co-expression of engineered intrabody with
httx1Q97-YFP.  Yeast cells expressing httx1Q97-YFP and either VL12.3 or empty vector
(both transgenes under the control of a galactose promoter) were examined by confocal
microscopy 18 hours post induction.
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Chapter 7.  Conclusions
We have developed a highly potent intracellular antibody against the N-terminal
20 amino acids of the huntingtin protein, htt, which just upstream of the polyglutamine
expansion that causes Huntington’s Disease (HD).  The protein forms intracellular
aggregates in medium spiny neurons of the striatum in patients with the disease.  This
new intracellular antibody, VL12.3,  efficiently prevents the aggregation and toxicity of
htt-exon1 and may therefore be useful in treatment of HD by gene therapy.
Intracellular antibodies are attracting interest as tools to manipulate and study
biological systems intracellularly.  However, robust, effective protocols for intrabody
construction have not been definitively identified.  In this work, we isolated human anti-
htt scFv antibodies from a yeast surface display library (chapter 2).  However, these
antibodies were not effective at blocking htt aggregation in a yeast model of HD.  We
analyzed the problems which would lead to inactivity, identifying two parameters
(antibody expression and binding affinity) that are key to the activity of intrabodies.  We
also developed a mathematical model of the aggregation phenomenon and used this to
help estimate appropriate values for the expression levels and binding affinities required
for potent inhibition of htt aggregation (chapter 3).  Antibody affinity for htt was
engineered to ~30 nM (chapter 4).  The paratope was mapped to the VL domain of the
intrabody, which was found to have superior intracellular expression relative to the full
scFv; this intrabody fragment was partially effective at blocking htt aggregation in
mammalian cell models of HD (chapter 5).  However, the intrabody was still not fully
effective at blocking htt aggregation.  We surmised that the absence of disulfide bond
formation in the cytoplasm may affect intrabody binding affinity, and demonstrated that
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this was the case by knocking out the disulfide bonds of the intrabody expressed on the
yeast surface.  We then applied affinity maturation to improve the mutant lacking its
disulfide bond (chapter 6).  The final intrabody robustly blocked aggregation in
transiently transfected mammalian cell models of HD and two yeast HD models.  We
also demonstrated that the intrabody inhibited htt aggregation in an established HD cell
line when delivered by adenovirus.
 Previous attempts at intrabody generation have either coupled phage display with
screening in mammalian cells or the yeast two hybrid system, or relied exclusively on
yeast two hybrid technology.17; 19; 21; 22; 29  Here we have demonstrated a novel approach to
the isolation of functional intrabodies using engineering and analysis by YSD.
Significantly, a functional intrabody was derived through molecular evolution and
rational design (i.e. reduction to a single domain and mutating residues that form the
disulfide bond) from an scFv which had no function in cell assays initially, and which
consequently could not have been identified in an initial yeast two-hybrid screen.  Given
the importance of isolating functional intracellular antibodies, availability of multiple
complementary strategies will raise the probability of success.
Several reports have brought into question the relevance of antibody affinity in
predicting efficacy of intracellular antibodies 52; 53, suggesting that only expression levels
are relevant.  However, VL is expressed at levels equivalent to or even above VL12.3 (see
Appendix 2), but is significantly less active.  Therefore, affinity is clearly a key
determinant in intrabody efficacy in the present case, consistent with the equilibrium
relationship:
 
€ 
[Intrabody • Antigen]
[Antigen]
=
[Intrabody]
Kd
              (1)
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where [Intrabody•Antigen] is the concentration of the bound complex.  From this
relationship, it is clear that high level intrabody overexpression can at least partially
compensate for diminished intracellular affinity, as we demonstrate here for the wild-type
VL intrabody and VL,C22V, C89A.  For a micromolar-affinity intrabody, however, micromolar
expression levels are necessary even when antigen concentration is much lower than
micromolar, as it is likely to be in striatal neurons in vivo.  VL12.3, with 3 nM affinity,
should be effective at nanomolar level concentrations.  In earlier reports, the role of
affinity was obscured by measuring antibody affinity in oxidizing (extracellular)
environments, where disulfide bonds will form, for comparison to intracellular assays for
activity, in which disulfide bonds are unlikely to form.  By mutating the cysteines of VL
so that no disulfide bond will form, we assessed the protein’s properties under oxidizing,
extracellular conditions while maintaining the structurally relevant cytoplasmic form.
Subsequent affinity maturation of the disulfide bond-free mutant allowed the conference
of improved properties to the intracellular environment.
Although we have made a significant step toward the treatment of HD by gene
therapy, many challenges must be overcome before gene therapy can be used in practice.
Viral delivery of genes to the CNS is limited both by the immune response to the viral
delivery vehicles, which decreases the infectivity of the virus, and by the limited
diffusion of viral particles from injection sites in the brain.  In general, the safety of gene
therapy with regards to subsequent development of cancer and immune responses which
can be harmful to treated tissue must also be dealt with.
Will the VL12.3 intrabody also bind to wild-type htt in HD heterozygote, and will
that alter wild-type function?  Unfortunately this cannot be determined presently because
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the function or functions of wt-htt are still being investigated and are not conclusively
known at present.  However, co-transfection of VL12.3 with httex1Q97-GFP did not
decrease httex1Q97-GFP expression levels, so the intrabody should not affect the
stability and turn over of htt.  Further, the intrabody did not cause cell death or apoptosis
when expressed in mammalian cells.
Single-domain intrabodies without disulfide bonds, such as VL12.3, are a minimal
and versatile unit for antigen recognition.  Single-domain antibodies 27 and structurally
analogous domains 82 are increasingly being exploited as alternatives to single chain
antibodies for molecular recognition.  The approach demonstrated here may find
application in engineering existing intrabodies for increased potency against other disease
targets, including Parkinson’s 83 and Alzheimer’s diseases, HIV, and cancer.
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Appendix 1: Methods for Affinity Maturation by Yeast
Surface Display
The following methods for affinity maturation using yeast surface display were
developed and described by myself and coworkers; I collected and rewrote the methods
for publication.33
The original YSD protocols were described earlier,49 but new and refined methods
have been developed, in particular improved vectors, mutagenesis methods, and efficient
ligation-free yeast transformation procedures.  Here, we provide up to date protocols for
engineering single chain antibodies by YSD.
This appendix contains methods for creating mutant libraries and sorting libraries
for improved clones.  The constructs and strains required for yeast surface display are
described in the introduction to this thesis.  The first section contains the method for
creating large mutant libraries using homologous recombination, including the precise
conditions used for error prone PCR using nucleotide analogues.  We have also included
protocols for labeling yeast with fluorophores and sorting by FACS for improved affinity.
Generating Large Mutant Antibody Libraries in Yeast
The most efficient way to make a mutant library in yeast is to use homologous
recombination, thereby eliminating the need for ligation and E.coli transformation.84  In
brief, cut plasmid and an insert containing the mutated gene are prepared separately, with
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significant homology (30-50 bp or more) shared by the insert and plasmid at each end.
These DNA fragments are then taken up by yeast during electroporation, and re-
assembled in vivo.  Libraries prepared by this method typically include at least 107
transformants, and are often over 108 in diversity, which approximates the amount that
can be sorted by state of the art cell sorters in an hour.
In the following section we describe how to prepare scFv insert DNA with
random point mutations by error prone PCR with nucleotide analogues.  However, this
may be replaced with DNA shuffling with slight modification using one of many
published protocols.85; 86; 87
Preparation of Insert: Error Prone PCR using Nucleotide Analogues
Nucleotide analog mutagenesis allows the frequency of mutation to be tuned
based on the number of PCR cycles and the relative concentration of the mutagenic
analogues.88; 89 The two analogues,  8-oxo-2'-deoxyguanosine-5'-triphosphate  and 2'-
deoxy-p-nucleoside-5'-triphosphate (8-oxo-dGTP and dPTP respectively,  TriLink
Biotech), create both transition and transversion mutations.  In order to ensure that some
fraction of the library created is sufficiently mutated to generate improvements, but not so
highly mutated as to completely ablate binding, a range of several different mutagenesis
levels are used in parallel. The conditions reported here are the ones we typically use to
create antibody libraries; these conditions give an error rate ranging from 0.2%-5%.
If the gene to be mutated is already in pCTCON, then the following primers may
be used to carry out the mutagenesis and subsequent amplification.  These primers are
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designed to have >50 bp of homology to pCTCON for use during homologous
recombination.
Forward primer: cgacgattgaaggtagatacccatacgacgttccagactacgctctgcag
Reverse primer: cagatctcgagctattacaagtcttcttcagaaataagcttttgttc
1.  Set up six 50 µl PCR reactions
Final Concentration
10X PCR Buffer (without MgCl2)
MgCl2 2 mM
Forward Primer 0.5 µM
Reverse Primer 0.5 µM
dNTP's 200 µM
Template 0.1-1 ng
8-oxo-dGTP 2-200 µM
dPTP 2-200 µM
dH20       to final volume
Taq polymerase 2.5 units
Of the six PCR reactions, two should contain 200 µM nucleotide analogues, two should
contain 20 µM nucleotide analogues, and two should contain 2 µM nucleotide analogues.
2.  Run the PCR for the number of cycles specified below.  The cycles should have
the following incubation temperatures and times: denature at 94 °C for 45 sec, anneal at
55 °C for 30 sec, extend at 72 °C for 1 min.  One should also include a 3 min
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denaturation step at 94 °C before the cycles begin and a 10 min extension step after the
cycles are completed (the 10 min extension may be done on a heating block to run all
reactions simultaneously).
Nucleotide Analogue Concentration Number of PCR cycles
200 µM 5
200 µM 10
20 µM 10
20 µM 20
2 µM 10
2 µM 20
3.  Run the entire mutagenic PCR products out on a 1% low melt agarose gel.  PCR
products cycled 20 times are easily visible on a gel stained with SYBR Gold (Molecular
Probes).  Reactions cycled 10 times or less may not be visible on the gel; however, it is
important to gel purify anyway to remove the non-mutated template before amplification
(next step).  Cut out and purify using Qiagen gel purification kit following
manufacturer’s protocol.
4.  Amplify each reaction in the absence of nucleotide analogues to generate
sufficient insert DNA for the transformation.  Three 100 µl reactions should be set up for
each mutagenic reaction, and 1 µl or more of the gel purified product should be used as
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template in the new reaction.  Do not add nucleotide analogues.  Cycle 25-30 times as
you would for a normal PCR.
5.  Optional.  Gel purify the PCR products from step 4.  Purification will eliminate
many PCR artifacts from the library, but may also result in significant loss of PCR
product.
6.  Concentrate the PCR products using Pellet Paint (Novagen).  After pellet has
dried, dissolve in water to a final concentration of 5 µg/µl.  This protocol typically
produces 40-100 µg of PCR product.
Preparation of Vector
1.  Miniprep 10 µg or more of pCTCON.
2.  Digest with NheI (New England Biolabs) for at least two hours in NEB2 buffer.
3.  Adjust salt concentration by adding one-tenth of the total volume of 1 M NaCl.
4.  Double digest with BamHI and SalI for two additional hours, to ensure complete
digestion of pCTCON and reduce reclosure of the acceptor vector. (Note that the plasmid
is cut in three places to ensure that the vector will not transform yeast cells in the absence
of insert.)
5.  Use Qiagen nucleotide removal kit to purify DNA from enzymes, keeping in mind
that a single column saturates with 10 µg DNA.
6.  Concentrate DNA using Paint Pellet reagent.  After drying pellet, dissolve in water
to 2 µg/µl.
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Preparation of Electrocompetent Yeast Cells
This protocol has been adapted from E. Meilhoc et. al.,84 and generates enough cells
for transformation of ~60 µg of insert DNA and ~6 µg of vector, which typically
produces ~5 x 107 yeast transformants.
1.  Inoculate 100 mL of YPD to OD600 0.1 from a fresh overnight culture of EBY100
(or appropriate yeast strain).
2.  Grow cells with vigorous shaking at 30ºC to an OD600 of 1.3 - 1.5 (about 6 hours).
3.  Add 1 mL filter sterilized 1,4-dithiothreitol (DTT, Mallinckrodt) solution (1 M
tris, pH 8.0, 2.5 M DTT).  DTT is unstable and the solution must be made fresh just
before use.  Continue to grow with shaking at 30ºC for 20 min.
4.  Harvest cells at 3500 rpm, 5 min, 4ºC. Discard supernatant.  All centrifugation
steps should be carried out in autoclaved centrifuge tubes or sterile Falcon tubes.
5.  Wash with 25 mL of E buffer (10 mM tris, pH 7.5, 270 mM sucrose, 1 mM
MgCl2) at room temperature.  Spin down again.
6.  Transfer to two 1.5 mL microcentrifuge tubes and wash a second time with 1 mL
of E buffer each. Spin down.
7.  Resuspend both pellets in E buffer to a final combined volume of 300 µl.  Any
extra cells that will not be used immediately may be frozen down in 50 µl aliquots for
future use.  Note that using frozen cells results in a 3-10-fold loss in transformation
efficiency.
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Tranformation of competent yeast cells using electroporation
Electroporation is carried out using a Biorad Gene Pulser device.
1.  In a microcentrifuge tube, mix 0.5 µl vector (1 µg), 4.5 µL insert (9 µg), and 50
µL electrocompetent yeast cells.  Add the mixture to a sterile 0.2 cm electroporation
cuvette (Biorad). Incubate on ice 5 min.  Prepare additional cuvettes until all of the DNA
is used.
2.  Set Gene pulser settings to 25 µF (capacitance) and 0.54 kV (voltage), which gives
an electric field strength of 2.7 kV/cm with 0.2 cm cuvettes; time constant should be
about 18 ms with 55 µl volumes.  The pulse controller accessory is not used.
3.  Carry out pulsing at room temperature. Insert cuvette into slide chamber. Push
both red buttons simultaneously until pulsing tone is heard, then release.
4.  After pulsing, immediately add 1 mL of room temperature YPD media8 to the
cuvette. Incubate at 30 ºC for 1 hour in 15 mL round bottom falcon tubes with shaking
(250 rpm).
5.  Spin down cells at 3500 rpm in a microcentrifuge.  Resuspend in selective media
(SD+CAA, 8 50 mL/electroporation reaction).  Plate out serial 10-fold dilutions to
determine transformation efficiency.  The library may be propagated directly in liquid
culture without significant bias, due to repression of scFv expression in glucose-
containing medium such as SD+CAA.32
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Transformation efficiency should be at least 105/µg, but is typically around 106/µg.
In addition to the electroporation mixture described here, one should perform a control
where no insert is added and determine the transformation efficiency.  This is the
background efficiency and should be less than ~1% of that obtained in the presence of
insert DNA.
Labeling yeast cells for flow cytometry or FACS.
Labeling yeast that are displaying an antibody or antibody library with a
fluorescent or biotinylated antigen allows quantification of binding affinity and enables
library sorting by FACS.  Typically a second fluorophore conjugated to an antibody is
used to detect the epitope tag C-terminal to the scFv, which allows for normalization of
expression and eliminates non-displaying yeast from quantification. A short protocol
follows for labeling with a biotinylated antigen and the 9E10 monoclonal antibody
against the C-terminal epitope tag c-myc.  This protocol is for analytical labeling; for
labeling large libraries, adjust volumes as describe at the end of the protocol.
1.  Grow transformed yeast overnight in SD+CAA.  OD600 should be greater than one.
As a general approximation, OD600 =1 represents 107 cells/mL.
2.  Inoculate a 5 mL culture of SG+CAA8 (inducing media) with the overnight
culture.  The final OD600 of the new culture should be ~1.
3.  Induce at 20 °C with shaking (250 rpm) for at least 18 hrs.  Appropriate induction
temperature should be tested for each scFv, from 20, 25, 30, or 37 °C.
111
4.  Collect 0.2 OD600-mL of induced yeast in a 1.5 mL microcentrifuge tube. Several
such aliquots may be necessary to sample the full diversity of the library, since this
aliquot will correspond to approximately 2 x 106 cells.
5.  Spin down in table top centrifuge for 30 sec at max speed.  Discard supernatant.
6.  Rinse with PBS/BSA (phosphate buffered saline plus 0.1% BSA).  Centrifuge for
10 sec, discard supernatant.
7.  Incubate with primary reagents.  Add desired concentration of biotinylated antigen
and 1 µL 9e10 (1:100, Covance) to a final volume of 100 µL in PBS/BSA.  Incubate at
desired temperature for 30 min.  Larger volumes and longer incubation times are required
for very low (<10 nM) antigen concentrations (see notes at end of protocol).
8.  Centrifuge, discard supernatant, and rinse with ice cold PBS/BSA.  Centrifuge,
discard supernatant from rinse.
9.  On ice, incubate with secondary reagents.  Add 97 µl ice cold PBS/BSA, 2 µl goat
anti-mouse FITC conjugate (1:50, Sigma), and 1 µl streptavidin phycoerythrin conjugate
(1:100, Molecular Probes).  Incubate 30 min.
10.  Centrifuge, discard supernatant, and rinse with ice cold PBS/BSA.  Centrifuge,
discard supernatant from rinse.
11.  Resuspend cells in 500 µl ice cold PBS/BSA and transfer to tubes for flow
cytometry or FACS sorting.
An important consideration when labeling high affinity antibodies (<30 nM) is
depletion of antigen from the labeling mixture.  This results in a lower than expected
concentration of soluble (free) antigen, and hence a lower signal.  Sorting libraries under
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depletion conditions can reduce the difference in signal observed for improved clones
compared to their wild-type counterparts.  The equivalent concentration of yeast surface-
displayed proteins when 0.2 OD600-mL of yeast is added to a 100 µl volume is
approximately 3 nM or less.  To avoid depletion, always use at least a 10-fold excess of
antigen by adjusting the total volume and/or reducing the number of yeast added (as little
as 0.05 OD600-mL can be used).
Note that for labeling large libraries, it is advisable not to scale up directly.
Instead use 1 mL volume per 108 cells labeled, keeping the reagent dilutions constant.
Depletion can be especially severe with such high cell densities, however, and the
experiment must be designed to avoid such conditions.
Analyzing Clones and Libraries by Flow Cytometry
Once a yeast population is labeled, it can be analyzed by flow cytometry.  This
allows quantification of binding affinity by titrating antigen concentration.  In addition to
the samples that one wishes to analyze, a negative control (no fluorophores) and two
single positive controls (just one fluorophore in each) should be prepared.  With standard
filters installed, FITC will be detected in the FL1 channel, while PE will be detected by
FL2 for the settings on most flow cytometers.  However, some “bleed over” or spectral
overlap will be present in each channel, which must be compensated out.  One should use
the negative control to set the voltage and gain on each of the detectors so that the
negative population has order of magnitude intensity of one to ten.  The single positive
controls are used to adjust compensation so that no FITC signal is detected in FL2 and no
PE signal in FL1.
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In a titration, one generally sets a gate on cells that express the antibody (i.e. FITC
positive cells if the preceding labeling protocol is used) to eliminate non-expressing cells
from quantification.
For sorting or analyzing a library, it is helpful to also prepare a labeled sample of
the wild-type antibody and saturated library for comparison and to aid in drawing sort
windows.
Sorting Yeast Surface Display Libraries by FACS
FACS is the most efficient and accurate way to sort yeast surface display libraries,
although magnetic particle strategies have also been employed.42 To sort a library by
FACS, one labels cells according to the protocol above, taking into consideration the
notes that follow the protocol.  Equations describing the optimum labeling concentration
for a first library sort are available,49 or one can simply choose a concentration that results
in a weak signal (say, one fourth of the Kd value).  One should typically screen 10-100
times the number of independent clones that are in the library.  When drawing a gate for
collecting cells, it is advisable to use a window with a diagonal edge to normalize for
expression, if a double positive diagonal is present (Fig. A1.1).  If no diagonal is
observed (little or no binding), the entire double positive quadrant should be collected.
Cells should be sorted directly into SD+CAA with antibiotics such as penicillin and
streptomycin to diminish the risk of bacterial contamination.  Cells will grow to
saturation in one (if >105 cells are collected) or two (<105) days.
The very first time a library is sorted, gates are drawn conservatively (0.5% to 1%
of the library is collected) to minimize the likelihood that an improved clone is missed.
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After the first sort, care should be taken to note the number of cells collected, as this is
the maximum number of independent clones remaining in the library.  In subsequent
sorts, when the library size has been reduced and the amount of sorting time necessary
decreases, one should bring several samples labeled under different conditions for
sorting.  These samples should be sorted at increasing stringency to rapidly isolate the
best clones.  Sort gates should cover the range of 0.01% of cells collected to 0.5%.  All
samples should be analyzed and the one with the greatest improvement should be chosen
for further sorting.  Typically the single best clone, or clones containing a consensus
mutation, are isolated within 4 sorts.
The cells collected in the final sort are plated out for clonal analysis. The mutant
plasmids may be recovered from yeast using the Zymoprep kit (Zymo Research).  The
following primers may be used for sequencing:
Forward Sequencing Primer: gttccagactacgctctgcagg
Reverse Sequencing Primer:  gattttgttacatctacactgttg
Summary
The protocols and methods described here enable engineering of scFv's by yeast
surface display.  Each protocol is up to date, and has been verified and optimized through
several years of application.  The directed evolution process is often applied iteratively
until the desired affinity is achieved.  A single round of mutagenesis and screening
typically results in 10- to 100-fold improvement in the Kd value, with largest
improvements obtained when the wild-type affinity is low (say, low micromolar binding
115
constant).  A complete cycle of mutagenesis and screening, from wild-type clone to
improved mutant clone, requires conservatively approximately 3-6 weeks.
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Figure A1.1.
Sort gate.  If a diagonal population is present in the library, a sort gate such as the one
labeled R7 should be drawn to take full advantage of expression normalization.
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Appendix 2:  Results from the Messer lab
The work in this section was performed by Jack Webster under the supervision of Anne
Messer at the Wadsworth Institute in Albany, NY.
Materials and Methods
Mammalian cell aggregation inhibition assay
HEK293, and SH-SY5Y cells were cultured according to standard protocols.
Cells were cotransfected, using Fugene 6 reagent(Roche), with httex1-Q97-GFP and an
intrabody at a plasmid ratio of 1:5, respectively.  Cells were plated in 12 well dishes with
2x105 cells per well the day before the transfection.  Transfections were carried out with
3 µl of Fugene and 1 µg of total DNA per well.  Transfection efficiencies were consistent
for all samples within each experiment.  Aggregates were visualized by fluorescence
microscopy and the number of cells with aggregates per well were counted approximately
24 hours after transfection.  Data were normalized to the number of aggregates in empty
vector co-transfections (pcDNA3.1).
Cell lysis, preparation of Triton soluble lysates and immunoblots were carried out
as described 90.  Triton insoluble fractions were prepared by resuspending the Triton X-
100 insoluble pellet in water, followed by sonication and centrifugation at 16,000 g for 10
min.; the final pellet was resuspended in SDS gel loading buffer before processing in
immunoblots with a monoclonal anti-htt recognizing the first 17 amino acids of the htt
protein (m445).
Intracellular expression levels of intrabodies were measured by anti-His (antibody
from Santa Cruz Biotechnology) western blot.
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Results
Single domain intrabody efficiently blocks huntingtin aggregation in mammalian
cells
We tested the ability of the single domain antibody to block htt aggregation when
transiently co-expressed with httex1-Q97-GFP in HEK293 cells.  Vectors were derived
from pcDNA3.1 with a CMV promoter driving expression of either httex1-Q97-GFP or
VL.  As negative controls, an empty pcDNA3.1 vector or a vector expressing the ML3-9
scFv recognizing an irrelevant antigen1 (ErbB2) was used.  As a positive control, the anti-
htt C4 scFv was tested along with the VL intrabody, since C4 has previously been shown
to reduce httex1-GFP aggregate formation in cellular models of HD.17  HEK 293 cells
were transiently co-transfected with httex1-Q97-GFP and the appropriate intrabody
expression vector or empty vector.  Twenty-four hours post-transfection, cells with
aggregates were counted by fluorescence microscopy.  The results are shown in Figure
A2.1.  The VL intrabody was at least as effective as the C4 scFv at blocking htt
aggregation, demonstrating that single variable light chain domain intrabodies can
function intracellularly.
Efficacy of VL12.3 was characterized and compared to two previously described
intrabodies (C4 and VL) in other cell lines, both by fluorescence microscopy and western
blotting analysis.  In SH-SY5Y human neuroblastoma cells at a 1:1 intrabody:htt ratio
only VL12.3, and not earlier intrabodies, effectively reduced aggregation (Fig. A2.2E).
Aggregation inhibition properties of VL12.3 in HEK293 cells (Fig. A2.2F) were
comparable to those observed in ST14A and SH-SY5Y cells. Partial dose response
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curves are shown for each intrabody.  Especially noteworthy is the ability of VL12.3 to
inhibit aggregation when used at a plasmid ratio (1:1 intrabody to htt) which was
completely ineffective with previously reported intrabodies.
While microscopy confirmed that fewer cells contain visible aggregates when
cotransfected with VL12.3, we also sought to confirm a reduction in total aggregated htt
protein.  Western blotting analysis of Triton-soluble and Triton-insoluble htt fractions
was performed on cell lysates obtained from HEK293 cells (Fig. A2.2G), transiently
transfected using a 2:1 ratio of intrabody:htt plasmid.  Significantly reduced levels of
aggregated material were detected in the Triton-insoluble fractions for cells co-
transfected with VL12.3 and httex1Q97-GFP, while co-transfection of httex1Q97-GFP with
any of the other intrabodies resulted in amounts of aggregated material comparable to
negative control.  Coexpression of intrabodies did not decrease the amount of material in
the Triton-soluble fraction.
VL was expressed at levels equivalent to or slightly higher than VL12.3, as
measured by anti-His6 western blot (Fig. A2.2H).
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Figure. A2.1.
VL blocks intracellular aggregation of httex1-Q97-GFP in transiently transfected HEK
293 cells.  Cells with aggregates were counted by fluorescence microscopy 24 hrs post-
transfection and normalized to a negative control.  ML3-9 is an intrabody not specific for
huntingtin, C4 is a previously reported17 scFv against the first 17 amino acids of
huntingtin, VL is the single domain intrabody described in the current work.  Ns, not
significant, * p<0.05, ** p<0.01, N≥3.
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Figure A2.2.
Engineered VL12.3 robustly blocks htt aggregation. Cells were transiently co-transfected
with httex1Q97 –GFP and either an intrabody (C417 or VL12.3) or an empty control vector,
and cells with visible aggregates were counted.  E.  Comparison of intrabody activity for
the intrabodies mentioned above and a non-huntingtin binding intrabody (scFv ML3.9)
and wild-type VL, at 1:1 intrabody:htt plasmid ratio (***, p<0.001) in SH-SY5Y human
neuroblastoma cells.  F.  Partial dose response for the same intrabodies in HEK293 cells.
G.  Western blot of Triton-soluble and Triton-insoluble fractions of cells lysed 24 hours
after cotransfection at a 2:1 intrabody:htt ratio.  H. Anti-His6 western blot of intrabody
expression levels in transiently transfected HEK293 cells.
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Appendix 3:  Results from the Lindquist lab
The work in this section was performed by Martin Duenwald and Helen Zazulak under
the surpervision of Prof. Susan Lindquist at the Whitehead Institute for Biomedical
Research in Cambridge, Massachusetts.
Materials and Methods
Yeast cell culture, aggregation, and toxicity.  Yeast media was prepared based on
standard protocols 91 using complete supplemental mixtures (BIO101).  Transformation
of yeast was performed as described previously 92.  Yeast integrating plasmids containing
galactose inducible promoters (pRS303 backbone 93) for the expression of huntingtin
exon-fragments were linearized by digestion with BstXI prior to transformation.  VL12.3-
YFP was subcloned into p414 (ATCC), which also contains a galactose inducible
promoter.  Filter retardation assays of aggregated material were done essentially as
described previously 94 .  For the induction of expression of the huntingtin fragment in
yeast, cultures were grown at 30ºC in raffinose-containing liquid media and transferred to
galactose-containing media.  In order to measure growth, yeast cells were diluted to a
final OD 600nm of 0.05 and transferred to a microtiter plate.  Yeast cultures were grown
at 30ºC with intermittent, intensive shaking on the Bioscreen C (Growth Curves USA) for
48 hrs with OD measurements taken every 2 hours. Western blot analysis of VL12.3-YFP
and httex1Q72-CFP with anti-GFP antibodies indicated that the intrabody was present at
lower protein concentrations than the htt exon I fragment (data not shown).
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Results
Engineered VL12.3 blocks aggregation and cytotoxicity in a yeast model of
HD.  S. Cerevisiae is likely the simplest in vivo model of HD, exhibiting both huntingtin
aggregation and cytotoxicity 50; 95.  To determine whether the engineered intrabody could
prevent these HD phenotypes in yeast, S. cerevisiae strains expressing both a huntingtin
exon I protein (with either Q25 or Q72) fused to cyan fluorescent protein (httex1Q25-CFP
and httex1Q72-CFP) and a VL12.3-yellow fluorescent protein fusion (VL12.3-YFP) on
galactose-inducible promoters were made.  Negative control strains were also constructed
with an empty vector in place of VL12.3-YFP.
The aggregation state of huntingtin in the presence and absence of VL12.3-YFP
was measured eight hours post-induction by a filter retardation assay.  This assay consists
of lysing cells and passing the lysate through a filter with 0.2 µm pores, trapping
aggregates.  The amount of aggregated httex1Q72-CFP is then visualized by CFP
fluorescence.  As shown in Figure A3.1A, cells expressing the intrabody had much less
aggregated httex1Q72-CFP.  This result was confirmed by fluorescence microscopy;
expression of VL12.3-YFP resulted in significantly reduced aggregation when measured
by this method as well (data not shown).
Finally, we tested the ability of the intrabody to inhibit HD related cytotoxicity in yeast.
S. cerevisiae expressing huntingtin with long polyglutamine tracts have been shown to
grow slower than those expressing huntingtin with shorter polyglutamine tracts 95.
Growth assays were performed on the cell lines mentioned above.  The cell line
expressing both VL12.3-YFP and httex1Q72-CFP grew at a significantly faster rate than
that which expressed the empty vector and httex1Q72-CFP, as demonstrated by a spotting
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assay in which the cells were plated on solid media (Figure A3.1B).  Growth curves were
also collected by measuring the optical density (OD) of cultures at 600 nM as a function
of time (Figure A3.1C).  The inhibition of aggregation and toxicity observed in the yeast
system upon expression of VL12.3 suggests that a conserved mechanism for htt toxicity is
conserved in mammalian and yeast HD models.  This confirms the value of S. cerevisiae
models in screening and testing potential therapeutic molecules.
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Figure A3.1.
VL12.3 suppresses aggregation and rescues toxicity in a S. cerevisiae model of HD.  A.
Filter retardation assay showing httex1Q72-CFP aggregates (dark) from lysates of cells
expressing httex1Q25-CFP or httex1Q72-CFP with either VL12.3 or an empty vector
control.  Dashed circles indicate where insoluble material would appear.  Difference
between 25Q with and without VL12.3 is insignificant and within variance usually
observed for the assay.  B.  Spottings of yeast strains indicating ability to grow on solid
media.  C.  Growth curves obtained by measuring the optical density of yeast cultures at
600 nm.  Yeast expressing VL12.3-YFP along with httex1Q72-CFP grow at rates
comparable to those expressing htt with non-pathological polyglutamine repeat lengths,
in contrast to those carrying an empty vector only.
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Appendix 4: Genbank Summary of VL12.3
LOCUS       AY818434                 366 bp    DNA     linear   SYN 12-DEC-2004
DEFINITION  Synthetic construct immunoglobulin variable light chain domain
            VL12.3 gene, complete cds.
ACCESSION   AY818434
VERSION     AY818434.1  GI:56404255
KEYWORDS    .
SOURCE      synthetic construct
  ORGANISM  synthetic construct
            other sequences; artificial sequences.
REFERENCE   1  (bases 1 to 366)
  AUTHORS   Colby,D.W., Wittrup,K.D. and Ingram,V.M.
  TITLE     Potent inhibition of huntingtin aggregation and cytotoxicity by a
            disulfide bond-free single domain intrabody
  JOURNAL   Unpublished
REFERENCE   2  (bases 1 to 366)
  AUTHORS   Colby,D.W., Wittrup,K.D. and Ingram,V.M.
  TITLE     Direct Submission
  JOURNAL   Submitted (04-NOV-2004) Chemical Engineering, MIT, 400 Main St.
            Bldg. 56-491, Cambridge, MA 02139, USA
FEATURES             Location/Qualifiers
     source          1..366
                     /organism="synthetic construct"
                     /mol_type="other DNA"
                     /db_xref="taxon:32630"
     CDS             1..366
                     /note="single domain antibody fragment"
                     /codon_start=1
                     /transl_table=11
                     /product="immunoglobulin variable light chain domain
                     VL12.3"
                     /protein_id="AAV87178.1"
                     /db_xref="GI:56404256"
/translation="MGSQPVLTQSPSVSAAPRQRVTISVSGSNSNIGSNTVNWIQQLP
GRAPELLMYDDDLLAPGVSDRFSGSRSGTSASLTISGLQSEDEADYYAATWDDS
LNGW
                     VFGGGTKVTVLSGHHHHHH"
ORIGIN
        1 atgggttctc agcctgtgct gactcagtca ccttcggtct ctgcagcccc ccggcaaagg
       61 gtcaccatct ccgtgtctgg aagcaactcc aacatcggaa gtaatactgt aaactggatc
      121 cagcagctcc caggaagggc tcccgagctc ctcatgtacg atgacgatct attggcccca
      181 ggggtctctg accgattttc tggctctagg tctggcacct cagcctccct gaccatcagt
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      241 gggctccagt ctgaggatga ggctgattat tacgcagcaa catgggatga cagcctgaat
      301 ggttgggtgt tcggcggagg gaccaaggtc accgtcctat ccggacatca ccatcaccat
      361 cactag
//
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